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^ FOREWORD 

1 

This  report  covers  work  done  during  the  period  1 March  1 976 
through  30  April  1 977  under  the  general  title  “Machine  Cast- 
ing of  High  Temperature  Alloys  for  Turbine  Engine  Compo- 
nents”. The  work  was  administered  through  the  Pratt  & Whit- 
ney Aircraft  Group.  Government  Products  Division,  West  Palm 
Beach,  Florida,  with  the  work  being  performed  at  the  Pratt  & 

: Whitney  Aircraft  Group,  Commercial  Products  Division,  East  Hart- 

^ ford,  Connecticut  by  the  principal  investigators,  J.  D.  Hosteller, 

i C.  C.  Law,  and  L.  F.  Schulmeister.  The  work  was  sponsored  by 

S the  Defense  Advanced  Research  Projects  Agency  under  DARPA 

• Order  No.  2367  (Amendment  No.  6 - Code  4D10)  and  Contract 

’ No.  DAAG46-76-C-0029  at  the  Army  Material  and  Mechanics 

Research  Center,  Watertown,  MA  02172. 

I The  authors  are  grateful  to  W.  H.  Rand  and  J.  S.  Erickson 

: for  their  active  participation  in  the  early  phase  of  this  pro- 

^ gram.  We  would  also  like  to  express  our  appreciation  to 

I C.  W.  Steinke  for  his  technical  assistance,  C.  P.  Sullivan 

[ and  A.  F.  Giamei  for  their  interest  in  and  helpful  discus- 

I sions  on  this  work  and  Prof.  R.  Mehrabian,  University  of 

i Illinois,  for  his  timely  assistance  during  the  entire  course 

[ of  this  effort. 
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Figure  1 Die  Cast  Ferrous  A Hoy  Compressor  Vane  (left)  and  Compressor  Blade  (right ) A pproximately  i 

1.5X)  1 

1 

I 

High-cycle-fatigue  testing  of  the  die  cast  ferrous  airfoils  indicated  that  the  presence  of  inter-  j 

nal  voids  adversely  affected  the  fatigue  strength  of  the  material.  Fatigue  strengths  for  the  : 

die  cast  AM  355  blades  were  about  60  percent  of  the  fatigue  strength  levels  normally  achieved  ; 


in  forged  AM  355  blades.  Reduction  of  porosity  through  hot  isotatic  pressing  (HIP)  improved 
attainable  stress  levels  to  80  percent  of  normal  fatigue  strength,  indicating  the  potential  for  the 
die  casting  of  critical  components  for  gas  turbine  engines  provided  that  internal  casting  sound- 
ness could  be  achieved. 

More  recently  the  Defense  Advanced  Research  Projects  Agency  (DARPA)  has  initiated  pro- 
grams directed  toward  the  “Machine  Casting  of  Ferrous  Alloys”.^  One  of  the  innovative 
approaches  being  pursued  involves  forming  high  temperature  alloys  in  the  thixotropic  state 
in  order  to  obtain  improved  product  quality. The  anticipated  quality  improvement  re- 
sults from  the  fact  that  a thixotropic  alloy  is  injected  in  the  machine  casting  system  in  the 
slurry  (partially  solid)  state,  thereby  improving  die  fill  characteristics.  In  addition,  since  the 
metal  is  partially  solid  at  the  time  of  injection,  less  shrinkage  porosity  results  and  the  castings 
spend  a shorter  time  in  the  die  before  they  are  completely  solid.  The  lower  temperatures 
associated  with  the  thixotropic  input  material  as  contrasted  to  current  die  casting  practice 
should  provide  for  improved  die  life  by  reducing  the  thermal  shock  experienced  at  the  die 
face. 

Pratt  & Whitney  Aircraft  Group  has  recently  joined  the  DARPA  Machine  Casting  Activity. 

The  program  described  in  the  following  section  is  the  Pratt  & Whitney  Aircraft  part  of  the 
overall  DARPA  effort  and  involves  applying  the  machine  casting  processes  to  the  fabrication 
of  gas  turbine  components  in  order  to  see  if  this  approach  has  the  potential  to  significantly 
improve  casting  quality. 
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II.  PROGRAM  AND  FACILITY  DESCRIPTION 


A V aOGRAM  OUTLINE 

During  the  course  of  the  program,  tliixotropic  processing  of  ferrous  and  superalloy  materials 
into  gas  turbine  components  was  evaluated.  A general  outline  of  the  program  is  presented  in 
Figure  2. 


Figure  2 General  Outline  for  DA RPA  ■ PiW AG  Machine  Casting  Program 
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A continuing  effort  to  improve  the  machine-casting  system  was  conducted  throughout  the 
program.  This  included  both  equipment  modifications  and  mechanization  of  various  steps 
in  the  process.  Concurrent  with  this  effort  was  a series  of  planned  experiments  designed  to 
determine  the  influence  of  critical  process  parameters,  such  as  rheocast  preform  temperature, 
gate  velocity  conditions,  die  temperature,  gating  configurations,  and  rheocast  preform  quality 
on  cast  part  quality. 

A comprehensive  metallurgical  characterization  was  performed,  including  microstructural 
analysis  and  alloy  heat  treatment  response.  Mechanical  property  evaluation,  including  high 
temperature  tensile  and  creep  rupture  testing  as  well  as  high  frequency  fatigue  testing,  was 
also  conducted.  This  information  was  used  to  determine  the  feasibility  of  applying  machine 
casting  concepts  to  the  fabrication  of  critical  gas  turbine  components.  An  assessment  of 
overall  part  quality,  using  standard  nondestructive  testing  methods  was  incorporated  into  this 
feasibility  analysis. 

In  addition  to  the  metallurgical  characterization  of  machine  cast  components,  a preliminary 
economic  analysis  of  the  process  comparing  it  with  existing  fabrication  techniques  was  per- 
formed. 

B.  MACHINE  CASTING  UNIT 

Pratt  & Whitney  Aircraft  has,  under  independent  funding,  modified  an  injection-molding 
press  for  use  in  their  machine  casting  projects.  This  equipment  (Figures  3 and  4)  was  used 
throughout  this  machine  casting  contract  as  a method  of  producing  high  temperature  alloy 
gas  turbine  shapes.  The  press  is  a converted  transfer  press  originally  used  for  the  forming  of 
themiosetting  plastic  parts  and  consists  of  a press  frame,  die  assembly,  hydraulic  die  clamping 
system,  and  hydraulic  injection  system.  These  details  are  depicted  in  Figures  5 and  6.  Clam- 
ping force  on  the  die  assembly  is  maintained  at  approximately  23  tons,  and  injection  force 
is  limited  to  6000  pounds  to  prevent  die  separation.  The  addition  of  an  accumulator  system 
(Figure  6)  allowed  the  attainment  of  ram  velocities  up  to  30  in. /sec.  An  instrumentation  re- 
cording system,  shown  in  Figure  7.  automatically  recorded  process  parameter  data  such  as 
ram  velocity,  pressure,  and  ram  position.  An  example  of  the  type  of  data  recorded  is  shown 
in  Figure  8. 

The  die  assembly,  used  for  a majority  of  the  injection  trials,  is  shown  in  Figure  9.  In  the  in- 
terest of  promoting  uniform  front  filling  with  this  particular  die,  a relatively  large  gate 
(0.062  in.")  with  a constant  cross  section  was  used.  The  die,  preform  loading  cradle,  and 
liner  were  made  from  H-1 1 tool  steel.  The  die  assembly,  which  was  thermally  insulated 
from  the  press  frame,  was  heated  by  means  of  cartridge-type  resistance  heaters  placed  in 
cavities  machined  into  the  die  halves.  Die  temperatures  as  high  as  1 100°F  could  be  main- 
tained. 

Work  performed  at  the  University  of  Illinois  indicated,  however,  that  the  die  design  of 
Figure  9 could  lead  to  poor  filling  behavior  and  internal  porosity.  A modified  die  (shown 
in  Figures  10  and  1 1 ),  using  design  data  generated  at  University  of  Illinois,  was  constructed 
and  used  in  the  latter  stages  of  the  program.  Results  of  the  use  of  this  die  design  will  be 
found  in  Section  III  - E 
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Figure  8 Sample  of  Data  Automatically  Recorded  During  Machine  Casting  Trials 


Figure  11  Sketch  of  Modified  Die 


The  thixotropic  alloy  preform,  usually  of  cylindrical  shape,  is  preheated  to  the  desired  pro- 
cesssing temperature  in  a directly  coupled,  inductively  heated  furnace,  as  shown  in  Figure 
12.  The  induction  coil  is  powered  by  a high  frequency  Pilar  power  supply.  The  preform  is 
placed  in  a ceramic  container  which  is  positioned  on  a pedestal  attached  to  a hydraulically 
activated  cylinder.  The  preform  and  containor  is  then  raised  into  the  furnace.  The  proper 
volume  fraction  solid  in  the  heated  preform  is  monitored  througli  the  use  of  a variable-load 
penetrometer.  After  the  penetrometer  stylus  penetrates  the  preform,  indicating  that  a given 
fluidity  (and,  therefore,  volume  fraction  solid)  has  been  achieved,  the  preform  is  removed 
from  the  furnace  by  lowering  the  platfonn  and  is  manually  transferred  to  the  machine  cast- 
ing unit,  placed  in  the  preform  loading  cradle,  and  injected  into  the  die. 

C.  PROCESS  AUTOMATION/MECHANIZATION 

Machine  casting  processes  are  dependent  on  a variety  of  factors,  including  starting  material 
costs,  die  life,  ability  to  cast  multiple  parts,  etc.  However,  a major  factor  in  achieving  high 
part  quality  is  process  reproducibility.  Parametric  studies  can  point  toward  the  proper  pro- 
cessing conditions  to  achieve  high  quality  parts;  however,  part  reproducibility  is  also  a func- 
tion of  the  consistency  of  the  machine  casting  equipment  operation.  In  order  to  achieve 
operational  reproducibility,  it  is  necessary  to  automate/mechanize  wherever  possible  to  in- 
sure minimal  variations  in  the  processing  procedures. 


Figure  12  Preform  Heater  Showing  A ) Induction  Furnace,  B)  Loading  Cylinder,  Cj  Pedestal  and  D)  Preform 
and  Container 

A description  of  the  manual  operating  mode  for  the  machine  casting  unit  appeared  in  the 
prior  section  (II-B).  The  critical  operations,  preform  unloading,  transfer,  and  injection,  are 
keyed  to  the  skill  of  the  operator  and  can  normally  occupy  a combined  interval  of  from  3.5 
to  4.5  seconds  under  ideal  conditions.  Excessive  length  and  variability  of  transfer  time  might 
adversely  affect  the  quality  of  the  machine  cast  part  because  of  variable  preform  heat  losses. 
These  can  readily  be  compensated  for  through  the  use  of  automated  control  of  the  process. 

An  assessment  of  automated  transfer  of  the  rheocast  specimen  machine  casting  unit  was  made 
a part  of  this  program.  A simple  means  of  process  control  is  shown  in  Figure  13  and  Figure 
14  and  basically  consists  of  limit-switch  control  in  the  heating,  transfer,  and  injection  steps 
of  the  process.  The  preform  heater  is  located  directly  above  the  loading  area  of  the  machine 
casting  unit.  The  preform  and  container  are  placed  on  a hollow  pedestal  attached  to  a load- 
ing ram  and  located  in  the  heater.  When  the  part  reaches  the  proper  volume  fraction  solid, 
the  penetrometer  pierces  the  preform.  The  downward  movement  of  the  penetrometer  trig- 
gers a limit  switch  which  activates  the  loading  ram.  The  platform  which  holds  the  pedestal 
is  both  ported  and  hinged  and  has  a cam  follower  wheel  attached.  As  the  platform  is  low- 
ered, the  wheel  will  follow  the  cam  surface,  shown  in  Figure  14.  The  cam  surface  translates 
the  preform  and  container  from  its  initial  vertical  position  to  a horizontal  position  directly 
into  the  preform  cradle.  When  the  preform  reaches  its  final  position,  another  limit  switch 
is  tripped  which  in  turn  activates  the  injection  ram.  The  ram  travels  through  the  platform 
“port”  and  the  hollow  pedestal,  and  then  through  the  prefonn  container  injecting  the  pre- 
form into  the  die.  This  transfer  and  injection  can  occur  in  less  than  three  seconds  with  varia- 
tions of  as  little  as  ±0. 1 second.  Cylinder  dampers,  alignment  rods,  cover  shields,  etc.  were 
also  added  to  insure  consistent  alignment  and  operation.  Operational  details  will  be  discussed 
in  Section  III  - E. 
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Figure  14  Mechanical  Transfer  System  Showing  A f Preform  Heater  B)  Preform  Platform  C)  Cam  Follower 
<S  Surface  and  Dj  Injection  Ram 
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III.  MACHINE  CASTING  INJECTION  TRIALS 


A.  INTRODUCTION 


Several  series  of  macliine-casting  trials  were  performed  to  evaluate  both  the  machine-casting 
unit  and  casting  parametric  behavior.  These  series  included  the  assessment  of  the  machine- 
casting unit  for  operational  modifications  evaluation  of  machine  casting  parameters,  and  op- 
eration of  a mechanical  transfer  system  installed  on  the  casting  unit.  The  details  of  these 
various  series  of  evaluation  are  discussed  below. 


B.  SERIES  I - INJECTION  TRIALS 


The  initial  series  of  injection  trials  (approximately  25  shots  was  conducted  to  determine  the 
operating  characteristics  of  the  machine  casting  system.  Haynes  3 1 (Alloy  X-40),*  an  air- 
melted  cobalt-based  superalloy,  was  selected  for  the  injection  trials,  as  it  represented  a reason 
able  balance  between  availability  (in  the  rheocast  form)  and  applicability.  It  was  supplied  to 
MIT  as  investment  cast  bars  which  were  rheocast  in  their  continuous  casting  unit.^”^'  A typ- 
ical quenched  microstructure  of  the  MIT  rheocast  product  is  shown  in  Figure  15. 


Figure  15  Haynes  Jl  Quenehed  Specimen  Taken  Form  Continuous  Rheocast  Run  Preformed  at  MIT 
(SOX) 


‘Nominal  Conipusilion  Co- 
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Preform  volume  fraction  solid  was  varied  by  changing  penetrometer  loads,  and  die  tempera- 
ture was  varied  in  this  particular  series  of  trials.  It  was  found  that  with  this  system  die 
fill  was  inadequate  because  of  excessive  ingate  length.  Long  preform  transfer  times  (5-7  sec- 
onds) also  contributed  to  the  observed  problems.  Modifications,  including  the  die  design 
shown  previously  in  Figure  9.  were  made  to  the  unit  to  relieve  these  conditions.  Sufficient 
quantities  of  test  material  were  obtained,  however,  to  machine  specimens  for  some  prelimin- 
ary testing.  The  results  of  this  testing  are  reported  in  Section  IV-C. 


One  additional  complicating  factor  observed  in  this  initial  injection  series  was  that  the 
Fiberfrax  container  system  used  to  hold  the  rheocast  preform  tended  to  adhere  to  the  pre- 
form surface  and  fragments  of  Fiberfrax  ended  up  as  inclusions  in  the  injected  casting.  In 
addition,  transfer  of  the  preform  from  the  heater  to  the  machine  casting  unit  was  impeded 
by  the  lack  of  rigidity  of  the  Fiberfrax  container  at  the  preheat  temperature.  This  resulted 
in  the  periodic  loss  of  th;  entire  test  specimen  through  leakage  of  the  alloy  from  the  container. 
To  alleviate  this  problem,  mullite  and  shell  molded  Al-iO^-SiO-,  tubes,  both  with  Fiberfrax 
bottoms,  were  evaluated.  The  three  types  of  containers  are  shown  in  Figure  16.  The  preform 
containers  are  cut  to  about  two  inch  lengths  and  Fiberfrax  discs,  soaked  in  colloidal  SiO-», 
are  then  positioned  in  one  end  of  the  tubes  and  the  assembly  is  baked  to  bond  the  Fiberfrax 
in  place.  A prefomi  is  loaded  in  the  container,  heated  in  the  furnace  (vertical  position),  and 
manually  transferred  to  the  loading  cradle  (horizontal  position).  The  injection  ram  then 
punches  out  the  Fiberfrax  bottom  while  injecting  the  preform  material  into  the  die.  Because 
of  the  smaller  size  of  the  ram  relative  to  the  preform  container  inner  diameter,  neither  the 
Fiberfrax  bottom  nor  the  container  cylinder  fragment  to  the  point  where  additional  inclu- 
sions are  injected  into  the  part  fonning  portion  of  the  die.  The  injection  sequence  is  shown 
schematically  in  Figure  17.  Asa  result  of  the  ease  of  handling  provided  by  the  tube  rigidity, 
the  use  of  this  type  of  container  design  reduced  transfer  time  to  about  3. 5-4. 5 seconds.  Fur- 
thermore, it  was  found  that  the  A1  -(O^-SiO-,  shell  material  provided  additional  shock  resis- 
tance as  compared  with  the  high  density  muTlite  and  it,  therefore,  was  adopted  for  use  through- 
out the  remainder  of  the  program. 


Figure  16  Preform  Container  - A)  Formed  Fiberfrax  Container,  B)  Mullite  Tube  With  Fiberfrax  Bottom 
and  C)  Al^j  - Si02  Shell  Container  With  Fiberfrax  Bottom 
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FIBERFRAX 

BOTTOM 


Figure  1 7 Schematic  Representation  of  Injection  Process  Using  AI-tO  ^SiO  2 Shell  Containers  With  Fiber- 
frax  Bottom 

One  other  significant  modification  made  to  the  machine  casting  unit  following  the  Series  I 
trials  was  to  change  the  preform  heater  from  a susceptor-coupled  induction  system  to  a 
directly  coupled  induction  system  using  an  induction  coil  designed  to  minimize  axial  tem- 
perature variations.  Direct  coupling  resulted  in  reducing  preform  heat-up  time  from  about  20 
minutes  to  less  than  four  minutes. 

C.  SERIES  II  - INJECTION  TRIALS 

After  the  aforementioned  modifications  were  made  to  the  machine  casting  system,  a second 
series  of  castings  (approximately  35  shots)  was  made.  The  first  trials  in  this  series  indicated 
that  the  die  fill  characteristics  of  the  system  had  been  significantly  improved.  Examples  of 
simulated  airfoil  castings  so  produced  are  shown  in  Figure  18  and  a comparison  with  a gas 
turbine  engine  compressor  vane  is  shown  in  Figure  19.  To  gain  further  assessment  of  the  in- 
fluence of  injection  parameters  on  blade  quality,  both  preform  volume  fraction  solid  and  die 
temperatures  were  varied  as  before  in  the  Series  I trials.  Since  preform  volume  fraction  solid 
was  monitored  by  means  of  a penetrometer,  the  solid  content  of  the  specimen  could  be  ad- 
justed by  varying  the  penetrometer  weight.  The  penetrometer  stylus  used  was  0. 1 50  inch 
in  diameter  and  the  two  weights  employed  were  50  g and  25  g.  The  heavier  weight  typically 


yielded  higlier  volume  fraelioiis  ol' solid  in  llie  east  part,  indieatiiiii  that  higher  penetrometer 
weights  normally  eorrespond  to  lower  preform  temperatures. 


A - CONVEX  SURFACE 


B - BACK  OR  FLAT  SURFACE 

Figure  18  Machine  Cast  (ThLxocas!)  Sinnilalcil  Airfoil  Cant  Into  ModiJleJ  Die  Assembly  Showing  A ) 
Convex  Snrjace  anj  II  > Hack  Or  flat  Surface 
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A)  COMPRESSOR  VANE  B)  SIMULATED  AIRFOIL 
CONVENTIONALLY  MACHINE  CAST 

FORGED 


Figure  19  Comparison  of  A j Conventional  Forged  Compressor  Vane  With  Bj  Machine  Cast  Simulated 
Airfoil 

Die  temperature  was  varied  between  600°F  and  1000°F  to  gain  an  initial  insight  as  to  its  in- 
fluence on  part  quality.  It  was  possible  to  control  the  die  temperatures  to  within  about 
±20°F  of  the  desired  set  point  temperature.  It  was  noted,  however,  that  at  a 1000°F  die 
temperatures  there  was  evidence  of  accelerating  die  wear. 

Basic  machine  settings  controlling  injection  speed  were  held  constant  (8  in. /sec.)  for  all  cast- 
ings made  jn  this  test  series.  As  mentioned  previously  in  Section  II-A,  a relatively  large 
(0.062  in."^)  gate  was  employed  to  promote  plane  front  filling  with  the  viscous  alloy  slurry. 
Under  these  conditions,  the  die  cavity  fill  time  was  calculated  to  be  about  0.032  sec. 

D.  SERIES  II  - INJECTION  TRIAL  EVALUATION 

The  castings  made  with  the  above  mentioned  variations  in  preform  and  die  temperatures  and 
reduced  length  of  die  ingatc  were  examined  both  metallographically  and  nondestructively 
(radiography  and  visual  examinations).  The  metallographic  evaluation  indicated  that  at  the 
low  penetrometer  load  (25  g)  the  resultant  castings  were  generally  60%  liquid  as  shown  in 
Figure  20A.  The  higher  penetrometer  load  (50  g)  normally  resulted  in  a higher  volume  frac- 
tion solid  (50%),  more  typical  of  the  values  commonly  used  in  the  earlier  MIT  work  (see 
Figure  20B.) 


16 


A)  LOW  V/0  SOLID 


B)  HIGH  V/0  SOLID 
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The  microstructure  that  existed  at  the  remelting  temperature  was  found  to  be  preserved  by 
the  rapid  cooling  of  the  slurry  in  the  die.  During  such  solidification,  the  surfaces  of  the  pri- 
mary solid  particles  provided  nucleation  sites  for  dendrites.  Figure  21.  Furthermore,  the 
growth  of  these  dendrites  was  more  rapid  at  particular  locations  on  the  surface  of  the  pri- 
mary solid  particles.  The  apparent  orthogonality  of  these  preferred  growth  regions  suggests 
< 100  > -type  orientation.  Since  the  primary  solid  particles  are  oriented  randomly  in  the 
slurry,  this  results  in  a corresponding  random  mix  of  dendrites  in  the  prior  liquid  regions. 
The  implication  of  this  observation  on  mechanical  properties  will  be  discussed  later,  in  Sec- 
tion IV. 


(B) 


Figure  21  Scanning  Electron  Micrograph  o/  Haynes  31  Showing  A ) Nucleation  of  Dendrites  On  Surface 
of  Primary  Solid  Particles  During  Machine  Thixocasting  and  B ) The  Random  Dentrite 
Structure  In  the  Prior  Liquid  Region 
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Another  microstructural  feature  of  a “typical”  machine  thixocast  simulated  airfoil  section, 
shown  in  Figure  22,  is  the  presence  of  a prior  100  percent  liquid  layer  at  the  surface.  The 
section  contained  less  than  40%  prior  solid  particles.  This  layer  became  much  thinner  and  less 
distinct  in  injection  trials  containing  higher  prior  solid  contents,  as  shown  in  Figure  23,  where 
in  this  case,  the  injected  part  contained  ~60%  prior  solid.  This  indicates  that  this  layering 
phenomenon  is  due  to  the  slurry  flow  characteristics  and  not  to  variations  in  preform  heating 
characteristics.  Further  examination  of  the  injected  part  shown  in  Figure  23,  however,  showed 
that  there  was  a gradation  of  prior  solid  particles  varying  from  45-50%  at  or  near  the  surface 
to  about  60-65%  near  the  center.  It  could  be  surmised  from  these  observations  that  any  po- 
tential effects  of  liquid  layering  could  be  negated  by  insuring  that  machine  cast  parts  contain 
high  volume  fractions  of  solid. 

Radiographic  analysis  indicated  a significant  difference  in  quality  between  castings  initially 
containing  low  volume  fraction  solid  and  those  containing  high  volume  fraction  solid.  Ex- 
amination of  radiographs,  shown  in  Figure  24,  revealed  that  the  degree  of  shrinkage  type 
defects  was  higher  in  the  low  volume  fraction  solid  materials  than  in  the  high  volume  frac- 
tion solid  materials.  These  data  are  consistent  with  the  propensity  for  shrinkage  type  defects 
associated  with  die  casting  of  liquid  alloys. 

Visual  examination  >-f  cast  parts  showed  a difference  in  surface  texture  between  those  parts 
cast  using  a die  temperature  of  600°F  and  a die  temperature  of  1000°F.  A smoother  sur- 
face existed  at  the  higher  die  temperature,  as  shown  in  Figure  25.  This  effect  was  more 
thoroughly  studied  and  documented  in  the  next  task  of  this  program.  There  appeared  to 
be  no  surface  smoothness  differences  resulting  from  variations  in  preform  temperature. 

E.  SERIES  in  - INJECTION  TRIALS  - STATISTICAL  EVALUATION 

The  overall  quality  of  machine  cast  components  can  be  affected  by  several  process  variables, 
including  preform  temperature,  gate  velocity,  die  temperature,  transfer  time,  and  gating  con- 
figuration. To  assess  these  parametric  effects,  a statistical  test  plan,  described  in  Appendix 
“A”,  was  prepared.  The  test  matrix  from  this  plan  is  shown  in  Figure  26.  The  parameters 
selected  are  as  follows: 

Die  Temperature:  100°F,  400°F,  and  800°F 

Injection  Velocity:  15  in. /sec,  20  in./sec  and  30  in. /sec 

Penetrometer  Weight:  25  g,  40  g,  and  55  g 


Figure  22  Microstructure  of  Machine  Thixocast  Haynes  31  Simulated  Airfoil  Section  From  Preliminary 
Runs:  A ) General  View  and  Bj  Detailed  Microstructure  Near  Center  of  the  A irfoil  Section 
Showing  the  Quenched  Rheocast  Microstructure  Showing  the  Solid fPrior-Liquid  Mixture  at 
The  Center  of  the  A irfoil  and  The  Prior  Liquid  Layer  at  the  Surface. 
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Figure  23  Micm structural  Variation  Along  The  Length  of  a Series  U Machine  Cast  Simulated 
Airfoil 
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A)  LOW  V/O  SOLID 


B)  HIGH  V/O  SOLID 


Figure  24  Radiograph  of  Machine  Cast  Blades  Showing  A j High  Levels  of  Porosity  Associated  With  High 
Preheat  Temperature  (Low  V/O  Solid  ~ <.20  VfO/and  Bj  Low  Levels  of  Porosity  Associated 
With  Lower  Preheat  Temperature  (High  V/O  Solid  - ~50  V/O! 
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A)  1000°F  B)  600°F 

die  TEMP  DIE  TEMP 


Figure  25  Comparison  of  Machine  Cast  Simulated  Airfoil  From  Trials  Employing  A ) 1 000° F Die  Tem- 
perature andB)  600° F Die  Temperature 
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Figure  26  Statistical  Test  Matrix  for  Evaluation  of  Machine  Casting  Parameters 
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Die  temperatures  were  selected  to  give  as  wide  a range  as  possible  for  variable  evaluation. 

A maximum  temperature  of  800°F  was  selected  because  of  potential  thermal  effects  on  the 
H-1 1 die  as  mentioned  previously  in  Section  III-C.  Injection  velocity  was  varied  from  the 
maximum  rate  (30  in. /sec)  to  one-half  the  maximum  rate  (15  in./sec).  Using  the  die  shown 
in  Figure  9,  these  rates  correspond  to  gate  velocities  of  380  and  190  in./sec.,  respectively.  i 

Penetrometer  weights  were  varied  within  a fairly  narrow  range,  corresponding  to  experience 
with  the  injection  capabilities  of  the  machine  casting  unit.  Significantly  higher  penetrometer 
loads  led  to  a high  incidence  of  die-filling  problems.  It  should  be  noted  that  both  injection 
and  die  clamping  pressures  are  well  below  those  normally  used  in  conventional  die  casting.  In 
addition  the  transfer  time  for  each  injection  trial  was  recorded.  The  measured  effects  of  these 
parametric  studies  were  volume  fraction  solid  (metallographic  evaluation),  internal  quality 
(radiographic  evaluation),  and  surface  quality  (visual  examination). 

Volume  fraction  solid  was  measured  by  point  count  (50  points  per  examination)  techniques. 

Radiographic  evaluations  were  based  on  the  criteria  shown  in  Figure  27.  Visual  examinations 
were  based  on  the  criteria  listed  in  Table  I.  The  injection  series  was  performed  according  to 
the  matrix  plan  and  each  part  was  analyzed  as  described  above.  The  parametric  conditions 
and  anal;  sis  of  results  are  listed  in  Table  II. 

It  should  he  noted  that  there  was  some  variation  in  volume  fraction  solid  with  penetrometer 
loading  Ir  is  suspected  that  the  specific  penetrometer  system  used  with  the  machine  casting 
unit  had  not  operated  with  consistency,  thus  causing  variations  in  the  volume  fraction  solid 
in  the  finished  part.  It  was  noted  that  there  was  significant  variation  in  the  rate  at  which  the 
penetrometer  stylus  penetrated  the  specimen,  but  no  correlation  could  be  made  between 
this  penetration  rate  and  resultant  volume  fraction  solid.  This  variation  ranged  from  a mini- 
mum of  about  one  second  upwards  to  15  sec  for  a 0.3  inch  penetration.  It  is  also  possible 
that  unmonitored  thermal  fluctuations  in  the  heating  system  caused  inconsistent  heat-up  in 
the  starting  preform. 

Since  there  was  a variation  of  volume  fraction  solid  as  a function  of  penetrometer  loading, 
it  Was  decided  to  use  the  volume  fraction  solid  as  the  controlled  variable  rather  than  pene- 
trometer load  in  the  statistical  analysis.  Three  ranges  of  volume  fraction  solid  were  employed 
below  41  percent,  42  to  60  percent,  and  above  60  percent.  Examples  are  shown  in  Figure  28. 

The  initial  statistical  analysis  was  run  to  determine  first-order  (noninteractive)  effects  of  in- 
jection speed,  die  temperature,  and  volume  fraction  solid  on  surface  and  radiographic  quality. 

It  was  found  that  for  both  internal  quality  there  was  no  direct  correlation  with  the  processing 
variables  when  the  latter  were  treated  as  noninteractive  variables.  There  appeared  to  be  some 
effect  of  volume  fraction  solid  on  surface  quality. 

Interactive  effects  were  next  measured  between  die  temperature  and  injection  speed,  die 
temperature  and  volume  fraction  solid,  and  injection  speed  and  volume  fraction  solid.  All 
three  interactions  showed  effects  internal  quality.  For  low  volume  fractions  solid  (below  41%), 
maximum  die  temperature  and  injection  speeds  produced  the  best  internal  quality.  This  is 
generally  consistent  with  liquid  die  casting  experience.  A similar  effect  was  noted  for  moder- 
ate volume  fraction  solid  (42  to  60%).  Finally,  at  high  volume  fraction  solid  (above  60%), 
low  speeds  and  die  temperatures  produced  improved  internal  quality. 


X4592-7 

021004 


X4592-13 
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TABLE  I - SURFACE  GRADING  CRITERIA 


DESCRIPTION 

Smooth  surface,  free  of  laps,  cracks,  flowlines. 

Grainy  or  pebbly  surface.  No  flowlines  or  laps. 

Light  flowlines  and  laps  (probably  not  an  acceptable 
casting  for  service). 

Deep  flowlines,  some  cracks. 

Very  deep  flowlines,  longitudinal  cracks,  grainy  surface- 
connected  porosity. 


GRADE 

1 

2 

3 

4 

5 


The  relation  of  die  temperature  and  injection  speed  showed  somewhat  improved  internal  and 
external  quality  with  lower  speeds  at  high  die  temperatures  and  the  opposite  injection  speed 
trend  at  low  die  temperatures.  This  apparently  was  caused  by  the  wide  variations  of  volume 
fraction  solid  noted  previously. 

One  last  effect  measured  was  transfer  time  which  varied  from  3.2  to  6.2  seconds.  There  was 
no  measurable  correlation  of  transfer  time  with  any  of  the  above  mentioned  variables,  which 
implies  that  within  this  range  of  times,  preform  heat  losses  are  minimal  because  of  the  insula- 
tion provided  by  the  ceramix  container. 

In  summary,  interactive  effects  control  the  internal  and  external  quality  of  machine  cast 
parts,  implying  a rather  complex  behavior  of  reheated  rheocast  material  during  injection 
and  solidification.  Detailed  analysis  beyond  the  scope  of  this  program  would  be  required 
to  define  the  specific  parametric  behaviors  necessary  to  consistently  machine  cast  high  qual- 
ity gas  turbine  components.  The  results  of  this  evaluation  are  tabulated  in  Appendix  “A”. 
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TABLF  II 

MACHINE  CASTING  DATA  SUMMARY 


Test 

Dia. 

Temperature 

Penetrometer 

Weight 

Injection 

Velocity 

V/0  Solid 

Total  Transfer 
Time 

X-Ray 

Surface 

Number 

°F 

Grams 

in/sec 

% 

Sec 

Quality 

Quality 

020701 

100° 

Std 

30 

52 

3.4 

3 

5 

020702 

o 

O 

O 

Std 

30 

34 

3.6 

4 

3 

020703 

100° 

-10 

30 

52 

4.1 

3 

3 

020704 

100° 

-10 

30 

67 

3.5 

2 

020705 

100° 

-20 

30 

73 

4.1 

3 

020706 

100° 

-20 

30 

54 

3.7 

3 

2 

020707 

100° 

-30 

30 

60 

3.2 

3 

5 

020708 

100° 

-30 

30 

- 

5.5 

- 

- 

020709 

100° 

-30 

30 

37 

3.2 

5 

4 

020901 

100° 

Sid 

20 

75 

4.7 

4 

I 

020902 

100° 

Std 

20 

65 

- 

3 

I 

020903 

100° 

Std 

20 

73 

3 

5 

021001 

100° 

Std 

30 

56 

3.6 

3 

4 

021002 

100° 

Sid 

30 

75 

3.4 

3 

-> 

021003 

100° 

Std 

30 

63 

3.5 

3 

■» 

021004 

0 

o 

o 

-30 

30 

53 

3.3 

-> 

2 

021005 

100° 

-30 

30 

71 

3.5 

-> 

2 

021006 

100° 

-30 

30 

- 

- 

- 

- 

021007 

100° 

-30 

30 

56 

3.5 

3 

021401 

100° 

-30 

20 

50 

4.3 

4 

4 

021402 

100° 

-30 

20 

27 

4.3 

4 

5 

021403 

o 

o 

o 

-30 

20 

69 

4.3 

4 

■> 

021404 

400° 

-15 

15 

- 

5 

- 

021405 

400° 

-15 

15 

29 

5.6 

4 

4 

021406 

400° 

-15 

15 

65 

6.2 

3 

I 

021407 

400° 

-15 

15 

- 

- 

- 

- 

021408 

400° 

-15 

15 

75 

6.1 

3 

5 

021501 

800° 

Std 

20 

63 

4.7 

1 

4 

021502 

800° 

Std 

20 

46 

4.6 

4 

3 

021503 

800° 

Std 

20 

65 

4.4 

3 

3 

021504 

800° 

Std 

20 

- 

4.5 

- 

- 

021505 

800° 

Std 

20 

56 

4.5 

3 

3 

021506 

800° 

Std 

20 

63 

4.3 

2 

3 

021507 

800° 

Std 

30 

67 

3.4 

5 

3 

021508 

800° 

Std 

30 

60 

3.3 

2 

4 

021509 

800° 

Std 

30 

29 

3.4 

4 

3 

021601 

800° 

-30 

30 

23 

3.8 

3 

4 

021602 

800° 

-30 

20 

79 

4.1 

3 

3 

021701 

800° 

-30 

30 

58 

3.6 

4 

5 

021702 

800° 

-30 

20 

73 

4.4 

3 

5 

021703 

800° 

-30 

20 

63 

4.4 

2 

5 

021704 

800° 

-30 

20 

65 

6.0 

-> 

2 
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021601  50X 

BELOW  41%  SOLID 


020708  NECK  SOX 
42  TO  60%  SOLID 


020704  NECK  SOX 
ABOUT  60%  SOLID 


Figure  28  Fxaniples  of  Low,  AfeJiiim,  atid  High  Volume-Fraction-Solid  Microstructure 


F.  SERIES  IV  INJECTION  TRIALS  - DIE  MODIEICATION,  PREFORM  PREPARA- 
TION, AND  MECHANICAL  TRANSFER  SYSTEM 

1.  Advanced  Simulated  Vane  Die 

Tlie  gating  I'or  the  atlvanced  sinuilated  die.  slunvn  in  I'igure  10.  was  suggested  by  gating 
studies  using  liigh-speed  cinematography  of  a die  cavity  similar  to  tliat  used  in  the  earlier 
stages  of  the  program.  Figure  shows  a selection  of  parts  made  in  this  die.  Additional 
comple.xities  in  the  form  of  a platform  and  root  tangs  were  added  to  the  simulated  vane  to 
more  closely  approximate  an  actual  compressor  vane  configuration;  an  advanced  simulateil 
vane  and  an  actual  vane  is  shown  in  Figure  30.  Because  injection  trials  with  this  die  were 
conducted  late  in  the  program,  no  mechanical  property  specimens  were  machined  from  the 
parts. 


2^)  Stiiiiplc  Ccisiiiif;s  Mt/tlc  ill  the  l■'il;lln  Advanced  Siiindalcd  Airloil  Compared 

Advaiieed  Siiiudaied  Airfoil  \filli  an  Aetuai  Compressor  l ane 

Die  Cavite  Conliiniration 

With  this  advanced  ilie.  the  incoming  metal  tended  to  sejiarate  e\en  at  reduced  injection 
speeds,  proriucing  partial  shots  that  consisteil  of  the  twd  cmK  of  the  casting,  but  no  central 
portion.  This  malfiiiKtion  was  correlateil  with  a (larti.ilK  blockeil  gate  entrance  which  in- 
creased the  metal  stream  velocitc'  through  the  remaining  unblocked  gate  area  above  that  ex- 
pected from  calcidations.  Railiogra|ihy  showed  improvements  in  internal  (piality  as  com- 
pared to  castings  with  the  original  die  when  clear  gate  comlitions  were  maintaineii. 

2.  Preform  Preparation 

Stanilaril  practices  throughout  the  program  were  to  prepare  rheocast  preforms  by  saiidbladting 
to  remove  the  surface  oxiile  layer  present  on  the  as-received  rheocast  bars  and  to  maintain 
a llowing  argon  atmosphere  in  the  reheating  chamber  during  heat-up  in  preparation  for  machine 
casting. 
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Analysis  of  failinv  origins  in  early  mechanical  property  specimens  suggested  that  an  improve- 
ment in  properties  could  be  expected  if  nonmetallic  inclusions  could  be  eliminated  from  the 
microstructure. 

An  end  view  of  an  as-received  rheocast  bar  is  presented  in  Figure  31a,  showing  the  distribution 
of  inclusions  near  the  surface  of  the  bar.  A longitudinal  section  through  a casting  made  from 
such  a preform  is  shown  in  Figure  3 1 b.  Figure  31c  shows  a cross  section  of  a preform  from 
which  0.1  inch  of  the  surface  layer  had  been  removed,  and  a longitudinal  section  through  a 
casting  made  from  a preform  prepared  in  this  manner  is  shown  in  Figure  3 Id.  Clearly,  remo- 
val of  a majority  of  incoming  inclusions  had  significantly  improved  the  cleanliness  of  the 
casting.  Such  surface  removal  techniciues  are  well-established  in  the  processing  of  melt  stock 
for  investment  casting. 


On  the  theory  that  some  of  the  porosity  of  the  final  casting  might  be  caused  by  preexisting 
pores,  a number  of  preforms  from  which  the  surface  had  been  removed  were  subjected  to  a 
hot  isostatic  pressing  cycle  to  reduce  the  porosity  of  the  starting  material.  However,  no  reduc- 
tion in  porosity  was  noted  in  castings  produced  from  these  preforms.  It  is  concluded,  there- 
fore. that  turbulence  and  shrinkage  are  the  primary  sources  of  porosity,  not  the  porosity  of 
the  rheocast  preform. 

3.  Mechanical  Transfer  System 

The  system  for  mechanically  transferring  the  heated  specimen  from  the  induction  coil  to  the 
injection  position  (Figure  14)  was  constructed  and  operated.  With  this  system,  transfer  time 
(measured  from  start  of  specimen  motion  to  start  of  injection)  was  reduced  from  the  3.5- 
4.5-second  range  to  a consistent  2.5  seconds.  The  path  traversed  by  the  specimen  is  shown 
by  the  multiple-exposure  photograph  in  Figure  32. 

The  reduced  and  consistent  transfer  time  appeared  to  improve  microstructural  consistency 
from  shot  to  shot,  although  some  variations  persisted  because  of  irregularities  in  penetrome- 
ter operation. 

G INJECTION  TRIALS/SUMMARY 

The  machine  casting  characteristics  were  evaluated  through  the  performance  of  four  series  of 
injection  trials.  The  results  of  these  trials  are: 

1.  The  machine  casting  unit,  as  modified,  was  effective  in  producing  simulated  airfoils 
out  of  Haynes  31  cobalt-base  superalloy. 

2.  Die  designs  used  in  these  studies  were  not  useful  for  fabricating  parts  with  uniform 
quality. 

3.  Parametric  analysis  of  process  variables  indicate  that  high  volume  fraction  solids 
in  the  preform,  relatively  slow  injection  speeds,  and  low  die  temperatures  would 
lead  to  improved  nondestructive  quality. 


4.  riic  p()iosit\  ill  tlio  c.isl  pji  ls  appears  to  hf  prim;iril\  ;i  fiinctidn  ol' in.K'ctioii  jiul 
liic  ik'siun  iiiui  not  the  porosii  v In  tik-  pri.  lonn. 

5.  Removal  ofsiirlace  nonmettillie  inelLision>  from  tlie  iirel'orm  improves  tlie  internal 
ipialitv  of  the  maehine-east  parts. 

6.  Meehanization  ot  the  machine  eastine  sv  stem  reduces  proeessint:  time  and  can  pro- 
duce increment;il  improvements  of  part  quality. 


iifUirc  .U  I llfd',  ill  Siirldiv  Skill  Ri  inoval  on  Cli  aiiliiics<i  iif  Machine  Cast  Siniiilalcd  Pic 
t.  ( rovs  Scclidii  I'l  . I '.-/s’l  n il  1 1/  Rhcncast  Slarlini;  Malvrial:  li.  I.oiif^iliiilinal 
Sctlion  Thri’iii;h  Mailiinc  Ca'^t  Siniiilalcd  Airloil  Mode  I'nnn  Slarlins;  Material  Shown 
III  I".  C.  Cross  Set  lion  ol  Siariini;  Stock  With  d.lOll  Inch  Removed  From  ()rii;inal 
Surtaee  Skin.  II  l.onaiiiidinal  Siction  Throiiith  a Machine  Cast  Simulated  .iirldil  .Made 
I rom  Slartim:  ^laterial  Shown  in  "C". 
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IV.  MECHANICAL  PROPERTY  EVALUATION 


A.  INTRODUCTION 

The  mechanical  properties  of  machine-cast  specimens  were  evaluated  throughout  the  various 
development  stages  of  the  thixocasting  process.  The  evaluation  was  conducted  while  the  ex- 
perimental setup  and  casting  procedures  were  undergoing  evolutionary  modifications  and  re- 
finements. Briefly  during  the  initial  casting  trials  (Series  I),  incomplete  die-fill  was  experien- 
ced, but  changes  in  the  design  of  the  die  eliminated  this  problem.  Subsequent  cast  trials, 
using  the  revised  die  (Series  II,  III,  and  IV),  involved  variations  of  the  casting  procedures. 

Cast  parts  were  chosen  for  mechanical  property  evaluation  on  the  basis  of  their  relative  x- 
radiographic  quality  and  surface  appearance,  and  not  on  process  parameters.  Tensile,  stress- 
rupture,  and  high-cycle-fatigue  (HCF)  properties  were  obtained  from  Series  II  and  III  cast 
parts.  Only  tensile  tests  were  performed  on  the  Series  1 parts.  A limited  number  of  stress- 
rupture  and  HCF  tests  were  performed  using  Series  IV  cast  parts. 

Although  complete  die-fill  was  achieved  with  the  die  used  for  the  Series  II.  Ill,  and  IV  trials, 
die  and  gating  designs  were  not  optimized.  During  injection,  turbulent  flow  of  the  semisolid 
slurry  occurred  in  the  die,  resulting  in  a considerable  quantity  of  trapped  porosity  which  ad- 
versely affected  the  tensile,  stress  rupture,  and  HCF  properties.  This  deficiency  was  largely 
negated  by  hot  isostatic  pressing  (HIP)  of  the  cast  parts.  The  HIP  conditions  used,  however, 
did  not  significantly  change  the  thixocast  microstructure  and,  therefore,  some  of  the  observa- 
tions from  this  material  presented  below  should  be  representative  of  Haynes  31  parts  fabri- 
cated by  the  machine  thixocasting  process. 

B.  EXPERIMENTAL  CONDITIONS 
1.  Specimen  Fabrication  and  Test 

Cylindrical  tensile  specimens  (Figure  33a)  were  machined  from  machine  thixocast  parts  re- 
sulting from  Series  1 trials.  Sheet-type  of  specimens  - more  compatible  with  the  geometry 
of  the  simulated  airfoil  produced  in  Series  11,  111  and  IV  trials  - were  used  for  tensile,  stress 
rupture,  and  HCF  tests.  The  same  specimen  design  (Figure  33b)  was  used  for  both  tensile 
tests  and  stress  rupture  tests.  A miniature  version  of  the  specimen  (mini-Krause,  Figure  33c) 
was  used  for  HCF  tests.  These  specimens  were  tested  as-thixocast,  as-thixocast  plus  HIP  or 
as-thixocast  plus  HIP  plus  heat  treated. 

Heat  treatments  were  performed  on  selected  thixocast  simulated  airfoils  prior  to  machining 
into  specimens.  All  the  specimens  were  oriented  with  their  longitudinal  axis  parallel  to  the 
thixocast  simulated  airfoils.  Except  for  two  noted  tensile  specimens,  all  the  specimens  were 
from  the  same  batch  of  rheocast  material. 

Tensile  tests  were  performed  at  room  temperature.  1000°F.  and  1450°.  Room  temperature 
elastic  modulus  was  also  obtained  in  the  tensile  tests  from  the  strain-gage  and  stress  measure- 
ments. Stress  rupture  tests  were  performed  at  I450°F  with  a stress  of  30  ksi.  High-cycle- 
fatigue  tests  in  fully  reversed  bending  mode  were  performed  at  room  temperature,  using  a 
limited  alternating  stress  range  of  40  ksi  to  60  ksi  and  a frequency  of  450  cycles  per  minute. 
All  specimen  surfaces  were  tested  in  their  as-machined  condition. 
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Figure  S3  Dimensions  in  Inches  of  a)  a Cylindricai  Tensile/Stress-Rupture  Specimen,  b)  a Sheet 
Type  Tensile/Stress  Rupture  Specimen,  and  cj  a Mini-Krause  HCF  Specimen  Used  in 
the  Testing  of  Rheocast  Material 


To  determine  if  test  results  are  affected  by  specimen  geometry,  stress-rupture,  and  HCF  tests 
were  conducted  on  conventional  cast  Haynes  31  using  the  specimen  designs  shown  in  Figure 
33.  To  determine  the  effect  of  microstructure,  tensile  and  stress-rupture  tests  were  also  con- 
ducted on  the  rheocast  material,  the  starting  material  used  for  the  thixocasting  process.  These 
specimens  were  taken  from  the  interior  regions  of  rheocast  bars.  The  machined  specimen 
blanks  were  then  hot  isostatically  pressed  for  three  hours  at  2250°F  and  15  ksi.  The  speci- 
men geometry  for  the  tensile  and  stress-rupture  tests  is  shown  in  Figure  33b. 

2.  Heat  Treatment  Procedures 

Preliminary  heat-treatment  studies  were  performed  on  the  rheocast  material  to  determine 
the  aging  response  and  the  variation  of  amounts  of  solid  at  temperatures  between  solid  and 
liquid.  All  heat  treatments  were  performed  in  an  argon  atmosphere. 

For  solution  and  aging  treatments,  a muffle  furnace  was  used  which  had  a temperature  con- 
trol of  better  than  ±10°F.  The  quenching  experiments  from  which  the  volume  fractions  of 
solid  were  determined  at  various  temperatures  were  carried  out  in  a vertical,  platinum-wound, 
tube  furnace.  A specimen  with  dimensions  about  0.2  x 0.2  x 0.5  inch  was  suspended  in  the 
furnace  with  an  alumina  crucible.  After  the  desired  thermal  exposure,  the  specimen  was 
dropped  into  the  quench  bath.  The  time  of  flight  for  the  specimen  was  less  than  0.1  second. 
The  quenched  microstructure  was,  therefore,  assumed  to  be  the  same  as  that  existing  at  the 
high  temperature  (i.e.,  coarsening  of  the  primary  solid  particles  during  cooling  was  assumed 
to  be  negligible). 

3.  Metallographic  and  Fractographic  Techniques 

Metallographic  samples  of  the  conventional  cast,  the  rheocast,  and  the  thixocast  Haynes  31 
were  all  prepared  alike.  The  samples  were  mechanically  polished  using  standard  metallogra- 
phic techniques.  The  polished  specimens  were  then  electrolytically  teched  at  two  volts  for 
two  seconds,  using  a Pt  cathode  at  room  temperature  in  Michigan  B (47  mil  sulfuric  acid, 

41  mil  nitric  acid,  1 2 mil  phosphoric  acid,  and  5g  nickelous  chloride).  Unless  otherwise  noted, 
longitudinal  sections  of  the  samples  were  mounted  for  examination. 

Lineal  analysis  was  used  to  determine  the  average  size  and  the  volume  fraction  of  the  primary 
solid  particles  in  the  thixocast  specimens.  To  obtain  information  on  the  fracture  processes  in 
tensile,  stress-rupture,  and  HCF  tests,  fracture  surfaces  were  examined  using  a scanning  elec- 
tron microscope  (SEM).  The  SEM  results  are  supplemented  by  metallographic  observations 
on  longitudinal  sections  through  the  fractures.  In  the  case  of  the  HCF  fractures  which  (as 
shown  below)  were  all  surface  initiated,  the  crack  nucleation  sites  were  determir.*' ' by  polish- 
ing away  the  machining  marks.  A surface  layer  of  approximately  0.003  inch  was  removed  by 
this  procedure. 
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C.  RESULTS  AND  DISCUSSION 


1 . Microstructures 

The  microstructures  of  Haynes  31  produced  by  conventional  casting,  rheocasting,  and  thixo- 
casting  are  illustrated  respectively  in  Figures  34a,  34b,  and  34c.  The  conventional  cast  ma- 
terial consists  of  dendrites  which  are  delineated  by  the  interdendritic  MC-type  carbide.  By 
contrast,  the  dendritic  structure  is  not  present  in  the  rheocast  microstructure,  which  consists 
of  equiaxed  grains  surrounded  by  a network  of  primary  carbide.  The  equiaxed  grains  evolved 
from  the  spheroidal  primary  solid  particles  by  coarsening  during  cooling  through  the  solidus- 
liquidus  temperature  range. 

The  basic  difference  between  the  machine  thixocast  and  rheocast  microstructures  is  that  the 
prior  liquid  solidities  much  more  rapidly  during  thixocast  and  results  in  formation  of  den- 
drites. Note  the  finest  of  these  dendrites  compared  with  that  of  conventional  cast  material. 

Tlie  shape  of  the  machine  thixocast  simulated  airfoil  is  shown  in  Figure  35a.  The  simulated 
airfoil  is  2.5  inches  long.  1.0  inch  wide,  and  has  a flat  and  a convex  surface.  The  maximum 
thickness  is  0. 1 inch  and  the  edges  are  0.025  inch  thick. 

2.  Effect  of  Thixocasting  Processing  Conditions  on  Microstructures 

In  general,  the  principal  effect  of  reheating  temperatures  and  holding  time  can  be  expected 
to  be  in  the  volume  fraction  of  primary  solid.  Higher  reheat  temperatures  and  longer  times 
favor  lower  volume  of  solid  and  smaller  primary  solid  particle  size.  The  upper  limit  of  the 
solid  particle  size  is  determined  by  the  initial  rheocast  microstructure. 

Depending  on  the  thermal  insulation  around  the  preheated  slug  at  temperature,  coarsening 
and  coalescence  of  the  primary  solid  particles  occur  during  the  transfer  from  the  preheat 
chamber  of  the  die.  Over  the  range  of  transfer  times  observed  in  this  program  (three  to  six 
seconds),  no  significant  effect  on  microstructure  was  observed.  The  primary  solid  particle 
sizes  ranged  from  0.003  to  0.005  inch  for  most  of  the  specimens  tested. 

Although  injection  speed  and  die  geometry  affect  the  flow  of  the  slurry  into  the  die  cavity, 
these  parameters  had  no  effect  on  microstructure  over  the  range  studied.  Other  parameters 
being  constant,  the  die  temperature  determines  the  rate  of  solidification.  Because  of  the 
thickness  of  the  simulated  airfoil  (maximum  thickness  0. 1 inch),  solidification  occurs  very 
rapidly  even  for  the  highest  die  temperature  used  (1000°F).  The  effects  of  die  temperature 
can  be  observed  from  the  dendrite  structure  in  the  prior  liquid  region.  With  the  die  at  room 
temperature,  the  dendrites  (Figure  36a)  are  short  and  nucleate  randomly.  By  contrast,  at 
higher  die  temperatures  the  dendrites  are  larger  and  nucleate  at  the  surfaces  of  the  primary 
solid  particles  as  well  as  in  the  prior  liquid  (Figure  36b  and  Figure  37).  This  resulted  in  a 
scalloped  primary  solid-prior  liquid  interface,  compared  with  the  rather  smooth  interference 
when  a room-temperature  die  was  used.  The  effect  of  this  interface  morphology  will  be  dis- 
cussed later. 
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I'igurc  34  Typical  Microstructiircs  of  llavncs  31  a!  Coiin'iitional  Cast:  h)  Rhcocast:  c)  Tluxocast 


Figttrc  35  fa!  Shape  oj  the  SiniiilaieJ  Airlntl  ami  Ihl  l.itiiititiiJiiial  ^liernstnietiire  <>1  a Maehine 
Thixi  least  Simulate  J Air  lull 
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Figure  36  Thixocast  Micrmtnwturc  Resulting  From  a Die  Temperature  of  (a I 70° F and 
(hi  Sni)°F 
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Figure  37  Nuckation  of  Dendrites  From  Surfaces  a]  Primary  Solid  Particles  During  Thixocasting 

3.  Heat  Treatment  Response 

Fraction  of  Solid  at  Various  Preheat  Temperatures 

When  rheocast  material  is  overheated  to  temperatures  within  the  solidus  and  liquidus  pre- 
ferential. remelting  occurs  at  the  primary  carbides  located  at  the  prior  liquid  regions.  The 
equilibrium  amount  of  primary  solid  present  during  reheating  depends  on  temperature,  as 
depicted  in  Figure  38.  Fhe  microstructures  obtained  after  one-hour  thermal  exposure  fol- 
lowed by  water-quenching  are  illustrated  in  Figure  39. 

Aging  Response  of  Rheocast  Haynes  31 

The  microstructures  of  the  rheocast  Haynes  3 1 after  solutioning  at  2250°F  and  aging  at 
various  temperatures  are  shown  in  Figure  40.  T he  solution  treatment  results  in  partial  dissolu- 
tion of  the  primary  carbide  and  coarsening  by  coalescence  of  the  primary  carbide  (Figure  40a). 
Preferential  precipitation  of  type  of  carbide  at  subgrain  boundaries  and  grain  boun- 

dary regions  can  barely  be  observed  after  aging  at  1350°F  for  24  hours  (Figure  40b).  Much 
heavier  precipitation  of  M^^C^  can  be  observed  when  the  aging  was  at  1 500°F . 
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Figure  38  Volume  Fraction  of  Primary'  Solid  After  One  Hour  at  Various  Reheating  Temperature  \ 

I 

) 

Discrete  carbide  particles  are  distributed  rather  uniformly,  and  those  in  the  grain  matrix  tend  i 

to  align  along  crystallographic  directions  (Figure  40c).  Similar  observations  can  be  made  of 
the  aging  at  1650°F  except  that  the  distribution  of  the  carbide  particles  is  less  uniform  and 
tend  to  cluster  at  grain  boundary  regions  (Figure  40d).  The  observed  relative  quantities  and 
distributions  of  the  M-73^5  carbides  precipitated  during  aging  at  various  temperatures  are 
those  expected  from  the  C-shape  temperature-time-transformation  (TTT)  precipitation  kine- 
tics of  carbides.  In  this  report,  the  aging  response  of  rheocast  Haynes  31  may  be 

considered  as  typical  of  those  conventionally  solidified. 

The  room-temperature  Rockwell  hardness  corresponding  to  the  microstructures  in  Figure  40  ; 

is  illustrated  graphically  in  Figure  41 . The  hardness  after  solution  treatment  at  2250° F is  the 
same  as  the  as-received  rheocast  material,  R(;27,  indicating  very  little  additional  solutioning 
of  carbon  during  the  heat  treatment  (for  comparison,  the  hardness  of  a conventionally  cast 
Haynes  31  is  R^,26).  The  hardness  increases  with  aging  temperature  and  reaches  a maximum  1 

at  about  1500°F  which  corresponds  to  copious  precipitation  of  rather  homogeneously  distri- 
buted ^23^6  particles  (Figure  39).  Aging  at  temperatures  above  1500°F  resulted  in 

heterogeneous  precipitation  and  coarsening  of  carbide  particles,  thus  the  observed 

decrease  in  hardness.  ; 

Effect  of  Solutioning  on  Machine  Thixocast  Haynes  31  ' 

The  microstructures  of  machine  thixocast  Haynes  3 1 after  HIP  (2200°F,  4 hours,  15  ksi), 

HIP  plus  2250°F  for  8 hours,  and  HIP  plus  2300°F  for  10  hours  are  shown  in  Figures  42a, 

42b,  and  42c,  respectively.  HIP  at  a lower  temperature  of  2000°F  for  4 hours,  I 5 ksi  (micro- 
structure not  shown)  resulted  in  no  discernible  change  of  the  thixocast  microstructure.  HIP 
at  2200°F  for  4 hours,  1 5 ksi  produces  spherodization  of  the  interdendritic  (primary)  car- 
bide, but  otherwise  the  thixocast  microstructure  remained  essentially  unchanged. 
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77;r  QiicmimI  Rhcocast  Vicrosirucriircs  Alter  (hie  Hour  at  the  InJicateil  Reheatiiif; 
Temperatures 


Figure  40  Microstructure  of  Rheocast  Haynes  31  After  (a)  Solution  Treatment  of  2250°F/8  Hrj 

Rapid-Air-Cool,  (h)  Solution  + I350°FI24  Hr  Age,  (c)  Solution  + l500°F/24  Hr  Age, 
and  (d)  Solution  + I650°FI24  Hr  Age 


AGING  TEMPERATURE  °C 


Figure  41  Hardness  of  Rheocast  Haynes  31  Versus  Aging  Temperature.  The  Heat  Treatment 
Conditions  and  Their  Resulting  Microstructure  are  Those  Given  in  Figure  40 

As  shown  in  Figure  42b,  a significant  amount  of  primary  carbide  was  solutioned  after 
2250° F for  8 hours.  Spheroidization  of  the  primary  carbide  and  grain  growth  are  also  evi- 
dent after  the  treatment.  Solutioning  at  2300°F  for  10  hours  resulted  in  coarsening  of  the 
primary  carbides  and  incipient  melting  of  the  coarsened  carbides  (Figure  43).  Compared  with 
the  2250°F  treatment,  no  significant  grain  growth  was  observed  even  at  the  incipient  melting 
temperature. 

Because  of  the  unique  thixocast  microstructures  and  the  high  rate  of  solidification,  the  com- 
position of  the  primary  carbide  is  expected  to  be  metastable  and  rather  different  from  that 
of  the  conventional  cast  Haynes  3 1 . Solution  treatment  after  thixocasting  would  tend  to  re- 
store the  primary  carbide  composition  to  one  more  stable.  These  changes  in  the  primary  car- 
bide composition  can  in  fact  be  observed  from  the  electron  microprobe  generated  X-ray 
energy  spectra,  the  results  of  which  are  summarized  in  Table  III.  The  compositions  of  the 
primary  carbides  shown  in  Table  III  are  characterized  in  terms  of  the  ratios  of  the  X-ray 
energy  peaks  of  three  principal  metal  elements  present  in  the  primary  carbides:  Cr,  W,  and 
Co. 

Table  III  shows  significant  differences  in  Cr/Co  and  Cr/W  ratios  between  the  thixocast  and 
conventional  cast  materials.  These  ratios  increase  with  solution  temperatures  (i.e.,  the  pri- 
mary carbide  becom.es  progressively  more  Cr-rich  as  the  thixocast  material  is  solutioned  at 
higher  temperatures).  At  the  incipient  melting  temperature,  the  primary  carbide  composition 
should  approach  equilibrium.  The  Cr/Co  and  Cr/W  ratios  are  19.4  and  10.1,  respectively.  For 
thixocast  material,  the  corresponding  ratios  for  the  conventional  cast  material  are  18.9  and  ! 

5.7.  This  difference  in  the  primary  carbide  composition  may  be  responsible  for  the  observed  ; 

difference  in  the  incipient  melting  temperatures  which  have  been  reported  to  be  at  least 
70°F  higher  for  conventional  cast  material  than  that  observed  for  thixocast  specimens. 
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Figure  42  The  Mierostnietiires  of  Haynes  .?/ . ( tier  Uil  HIT  at  2250° I'll 5 ksijf  Hr,  (h)  HIP  + 2250° Fj 
P Hr.  ami  Ic)  HIP  + 2500°  F!H>  Hr 
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TABLE  III  - EFFECT  OF  HEAT  TREATMENT  ON  PRIMARY 
CARBIDE  COMPOSITION  OF  THIXOCAST  HAYNES  31 


Heat  Treatment 

'Cr^'Co 

’Cr^'w 

None.  As-Thixocast 

3.2 

2.1 

HIP*  + 2200°F/4  Hr 

7.5 

3.1 

HIP*  + 2250°F/8  Hr 

13.3 

6.6 

H1P*  + 2300°F/10Hr 

19.4 

10.1 

None,  As-Conventional  Cast 

18.9 

5.7 

*HIP  - 2200°F  for  4 hours  at  1 5 ksi 


4.  Tensile  Tests 

The  tensile  properties  of  Haynes  3 1 produced  by  conventional  castint:.  rhcocasting.  and  ma- 
chine thixocasting  are  given  in  Table  IV.  The  yield  strengths  of  the  thixocast  material  are  58, 
65.  and  79  percent  higher  than  the  conventional  cast  material  at  room  temperature,  at 
1000  F,  and  at  1450°F,  respectively.  As  shown  in  Tabic  IV,  the  yield  strengths  cannot  be 
correlated  with  the  volume  tractions  ot  the  primary  solid  particles.  For  example,  a micro- 
structure having  no  primary  solid  (S/N  46)  has  essentially  the  same  yield  strength  as  that 
having  I59r  primary  solid  (S/N  47).  A qualitative  correlation  between  the  yield  strength  and 
the  rate  of  solidification  can.  however,  be  observed. 

The  yield  strengths  increase  in  the  same  order  as  the  rate  of  solidification:  conventional 
cast,  rheocast,  and  thixocast.  Since  Haynes  31  is  a carbide  strengthened  alloy,  the  increase  in 
yield  strength  is  related  to  the  finer  dispersion  of  carbides  associated  with  faster  rate  of  soli- 
dification. For  the  same  reason,  the  yield  strengths  of  the  Series  I specimens  are  slightly 
lower  than  those  from  the  Series  II.  This  becomes  evident  by  comparing  the  scale  of  the  den- 
drites resulting  from  Series  I trails  shown  in  Figure  44a  and  from  Series  11  trials  shown  in 
f igure  39.  Figure  44  also  illustrates  the  concomitant  change  in  the  morphology  of  the  inter- 
face between  the  primary  solid  and  the  prior  liquid  with  solidification  rates,  as  described 
previously. 

As  shown  in  Table  IV.  hot  isostatic  pressing  of  the  thixocast  material  at  2200°F  for  4 hours 
has  no  effect  in  yield  strength.  As  mentioned  previously,  this  HIP  condition  results  in  spher- 
oidization  of  the  interdendritic  carbide,  but  does  not  change  the  scale  of  the  carbide  disper- 
sion. 

The  tensile  ductility  ot  the  thixocast  material  is  considerably  lower  than  conventionally  cast 
material  because  of  porosity  and  inclusions  in  the  specimens.  Without  such  defects,  tensile 
fracture  would  initiate  at  the  interface  between  the  primary  solid  and  prior  liquid  and  in  the 
prior  liquid  region  (see  Figure  45a).  For  comparison,  the  modes  of  tensile  fracture  in  the 
rheocast  material  and  fully-liquid  die-cast  material  (S/N  46)  are  also  shown  in  Figures  45b 
and  45c,  respectively. 
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TABLE  IV  - TENSILE  PROPERTIES  OF  HAYNES  3 1 


Thermomechanical 

0.2%  YS 

UTS 

El 

RA 

S/N 

Microstructure 

Treatment 

(ksi) 

(ksi) 

(%) 

(%) 

75°F  Tests 

MXOl-01 

Thixocast,  Solid 

None 

50.0 

52.0 

1.0 

— 

MXOl-05 

Thixocast , 60^7  Solid 

None 

71.0 

82.0 

2.9 

4.0 

7 

Thixocast , 609f  Solid 

None 

78.7 

102.5 

7.2 

4.9 

11 

Thixocast,  78“^  Solid 

None 

88.3 

119.2 

5.0 

5.0 

48 

Thixocast.  36%  Solid 

HIP* 

78.3 

91.0 

2.0 

- 

34A 

Rlieocast 

HIP 

77.4 

95.6 

2.3 

3.2 

38 

Rheocast 

HIP 

74.6 

104.2 

3.7 

2.5 

AMS5382 

Conventional  Cast  Bar 

None 

50.0 

83.0 

4 

7 

1000°F  Tests 

MXOl-02 

Thixocast,  50%  Solid 

None 

43.0 

59.0 

6.1 

10.9 

MXOl-06 

Thixocast,  62%  Solid 

None 

43.0 

47.0 

3.0 

7.8 

AMS5382 

Conventional  Cast  Bar 

None 

26.0 

65.0 

10 

8 

1450°F  Tests 

5 

Thixocast,  35%  Solid 

None 

41.0 

54.5 

6.0 

5.0 

8 

Thixocast,  42%  Solid 

None 

38.1 

53.4 

6.8 

6.4 

47 

Thixocast,  15%  Solid 

HIP 

44.3 

75.6 

11.8 

13.0 

46 

Thixocast,  0%  Solid 

HIP 

43.6 

78.5 

43.8 

- 

32A 

Rheocast 

HIP 

37.1 

59.7 

6.2 

8.0 

34 

Rheocast 

HIP 

35.8 

57.5 

6.3 

7.5 

AMS5382 

Conventional  Cast  Bar 

None 

24.0 

58.0 

8 

6 

*Hot  isostatically  pressed  at  2200°F  under  a stress  of  1 5 ksi  for  4 hours, 

a.  Failure  initiated  at  large  pores. 

b.  Failure  initiated  at  large  inclusions. 

c.  Specimen  contained  surface-connected  porosity. 


Comment 


Series  I,  a 
Series  1,  a 
Series  11,  a 
Series  II,  a 
Series  11,  b 


Series  I,  a 
Series  I,  a 


Series  II,  a 
Series  II.  a 
Series  II.  c 
Series  II 
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Figure  43  Incipient  Melting  at  the  Carbide.  The  Mierostrueturc  and  Heat  Treatment  Condition 
Arc  Those  (iiven  in  Figure  42C 
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The  significance  of  the  results  from  S/N  46  is  that  as  a consequence  of  the  high  solidification 
rate,  a large  increase  in  tensile  yield  strength  and  ductility  (43%  elongation)  are  realized. 
These  results  suggest  that  the  fine  dendrite  matrix  of  the  thixocast  material  is  inherently 
ductile.  Therefore,  the  primary  solid-prior  liquid  interface  plays  a key  role  in  determining 
the  tensile  ductility  of  the  thixocast  material.  One  method  of  changing  the  interfacial 
strength  is  to  modify  the  morphology  of  the  interface.  This  can  be  achieved  simply  by  vary- 
ing the  rate  of  solidification,  as  illustrated  in  Figure  44.  A rough  surface,  or  one  where  den- 
drites nucleate  and  grow,  would  produce  a torturous  crack  path  and,  therefore,  result  in 
higher  ductility.  Direct,  supportive  evidence  has  not  been  obtained  in  the  present  work.  How- 
ever, different  modes  of  tensile  fracture  resulting  from  differences  in  interfacial  morphology 
have  been  observed. 

Figure  46a  shows  a smooth  interfacial  separation  in  a rapidly  solidified  thixocasting.  A 
rougher  interfacial  separation  in  a relatively  less  rapidly  solidified  thixocasting  is  illustrated 
in  Figure  46b  which  also  shows  that  in  the  case  of  dendrites  growing  on  the  primary  solid, 
the  fractures  occur  at  the  dendrite  rather  than  at  the  interface.  In  view  of  the  high  tensile 
ductility  of  the  dendritic  structure  resulting  from  the  thixocasting,  the  latter  interfacial 
microstructure  is  perhaps  more  desirable. 

In  summary,  the  tensile  results  show  that  thixocasting  results  in  high  yield  strength  which  is 
independent  of  volume  fraction  solid,  and  somewhat  lower  ductility  compared  with  conven- 
tionally cast  material  properties.  Contributing  factors  for  the  observed  low  ductility  are  in- 
clusions, entrapped  porosity,  and  early  primary  solid-prior  liquid  interfacial  separation.  It  is 
suggested  that  the  interfacial  strength  can  be  increased  simply  by  using  a slower  solidification 
rate  which  can  be  achieved  by  having  lower  fraction  solid  (higher  preheat  temperatures)  and 
by  heating  the  die  to  higher  temperatures. 

5.  Stress  Rupture  Test  Results 

The  results  of  the  stress  rupture  tests  at  1450°F  and  30  ksi  are  presented  in  Table  V.  The 
thixocast  material  was  tested  in  four  different  conditions:  as  cast,  hot  isostatically  pressed 
at  either  2000°F  or  2200°F,  and  solution-and-aged  following  HIP.  In  the  as-thixocast  condi- 
tion the  stress  rupture  lives  are  less  than  1 0 hours  irrespective  of  volume  fraction  of  primary 
solid  present  or  the  machine  thixocast  parameters.  The  reason  for  the  low  rupture  lives  is  ob- 
vious from  the  fracture  surfaces  which  invariably  show  casting  pores. 

Hot  isostatic  pressing  can  close  the  casting  pores,  provided  the  pores  are  not  surface-connec- 
ted. As  shown  in  Table  V,  HIP  substantially  improves  the  rupture  life  of  the  thixocast  mater- 
ial. After  the  2200°F  HIP,  the  stress  rupture  lives  are  about  30  to  40  hours,  with  no  apparent 
correlation  to  the  volume  fraction  of  solid  present.  The  latter  observation  implies  - as  in  the 
case  of  tensile  strength  - that  the  fine  dendrite  matrix  plays  an  important  role  in  stress  rup- 
ture properties.  For  comparison,  the  average  rupture  lives  of  the  rheocast  material  and  the 
conventional  cast  material  are  59  hours  and  155  hours,  respectively.  Therefore,  it  appears 
that  stress-rupture  life  (unlike  tensile  strength)  is  inversely  related  to  the  rate  of  solidification 
which  decreases  in  the  order  of  machine  thixocast,  rheocast,  and  conventional  cast.  In  terms 
of  microstructure,  this  means  that  the  coarser  the  microstructure  the  better  the  stress  rupture 
properties.  In  this  respect,  coarsening  of  the  thixocast  microstructure  by  HIP  at  temperatures 
above  the  incipient  melting  temperature  may  improve  the  stress  riinture  capability.  For  con- 
ventional cast  material  this  has  been  demonstrated  to  be  the  case'‘*\ 


L 
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TABLE  V - 1450°F/30  KSI  SMOOTH  STRESS  RUPTURE  LIFE  HAYNES  31 


Thixocasting 

Parameters 


Die  Temp. 

Ram  Speed 

Thermomechanical 

Life 

S/N 

Microstructure 

(°F) 

(in. /sec) 

Treatment 

(hr) 

3 

Thixocast,  69^7  Solid 

1000 

8 

None 

3.8 

10 

Thixocast,  13%  Solid 

900 

8 

None 

3.6 

12 

Thixocast,  44%  Solid 

75 

8 

None 

5.5 

27 

Thixocast,  65%  Solid 

75 

30 

None 

8.5 

28 

Thixocast.  62%  Solid 

75 

30 

None 

4.7 

65 

Thixocast,  33%  Solid 

150 

30 

None 

3.0 

67 

Thixocast,  63%  Solid 

800 

20 

None 

0.5 

21 

Thixocast,  44%  Solid 

75 

30 

2200°F 

35.7 

23 

Thixocast,  55%.  Solid 

75 

30 

2200°F  HIP 

42.1 

24 

Thixocast,  55%  Solid 

75 

30 

2200°F  HIP 

28.7 

20 

Thixocast.  0%  Solid 

900 

8 

2200°F  HIP 

34.7 

31 

Rheocast 





2200°F  HIP 

41.7 

32 

Rheocast 

— 

— 

2200 °F  HIP 

75.6 

18 

Thixocast,  4%  Solid 

900 

8 

2200°F  HIP  + SA^*^^ 

0.5 

19 

Thixocast,  44%  Solid 

900 

8 

2200°F  HIP  + SA^*^) 

2.2 

55 

Thixocast , 58%  Solid 

75 

30 

2000 °F  HIP(3^ 

11.8 

58 

Thixocast , 66%  Solid 

75 

30 

2000°F  HIP 

18.0 

51 

Conventional  Cast 





None 

53.1 

52 

Conventional  Cast 

— 

— 

None 

256.9 

AMS 

5.382 

Conventional  Cast 

— 

— 

None 

30 

(a)  Hot  isostatically  pressed  at  15  ksi  for  4 liours  at  indicated  temperature. 

(b)  Solutioned  at  2250°F  for  8 hours,  rapid  aircool  and  aged  at  1 500°F  for  20  hours,  aircool. 


The  modes  of  fracture  in  the  tliixocast,  rheocast,  and  conventional  cast  microstructures  are 
illustrated  in  Figures  47a,  47b,  and  47c,  respectively.  In  the  thixocast  microstructure,  crack- 
ing occurred  at  the  prior  liquid  as  well  as  at  the  interface  between  the  primary  solid  and  prior 
liquid  regions.  It  may  be  possible  to  increase  the  rupture  life  by  reducing  the  latter  mode  of 
cracking  by  changing  the  interface  morphology  as  mentioned  previously. 

The  general  morphology  of  the  fracture  surface  is  illustrated  in  Figure  48a.  The  particulate 
appearance  resulting  from  interfacial  separation  between  the  primary  solid  particles  and  the 
matrix  is  clearly  evident.  Cracking  occurred  in  the  rheocast  microstructure  at  the  carbide  in- 
terface between  the  primary  solid  particles  and  at  the  grain  boundaries.  In  case  of  the  conven- 
tional microstructure,  the  cracks  progressed  along  the  interdendritic  regions. 
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Figurv  46  lj>iigitiitlliial  Sfcfii'ii  Sliowiiii:  I ftccr  ol  I'rniiarv  S'<lkl  l‘ritir  Inrcrfair  \U>rplu>l(>gy 

on  Appcarjiuv  of  the  IntcrUieiiil  Si/’jrcition  hii  a Sniiioih  Separation  and  fhl  an 
Irregular  Separation 


As  shown  in  Section  l\'-(  -2.  the  inierosinieture  of  llavnes  31  is  rather  responsive  to  sohition- 
and-age  type  of  heat  treatments.  However,  as  indicated  in  l alde  \ . a stress  rupture  dehit  re- 
sulted from  one  such  treatment  used  in  the  present  studv  I he  microstrueture  after  the  lieat 
treatment  is  shown  in  1 igure  42h.  Hie  appearance  of  tlie  tracture  surface  (figure  4Sh»  indi- 
cates that  in  this  ease  the  stress  rupture  lailure  was  caused  I'nmarilv  In  intergranular  fracture. 
This  may  be  a conseriuence  ol  copious  precipitation  of  gram  hound, ir\  carbides  upon  aging. 
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0.5mm 


Al’pcaraiicc  of  the  fracture  Surface  of  Machine  Thixoeast  llvancs  SI  in  Stress  Rupture  After 
la  I ////’■(-(/  at  220(1°  ff  IS  ksi/AI/r  ami  (h  I ////’  + 22SO°f/S  l/r/Rapul-Air-Cool  Solution  fol- 
lo\\  eJ  he  IS00°f/20  llrl Air-Cool  .U'c 


figure  4H 
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Hot  isostatic  pressing  at  2000°F  under  I 5 ksi  also  resulted  in  elosure  ot  easting  porosity  in 
the  thixoeast  part.  However,  as  shown  in  Table  V.  the  gain  in  stress-rupture  life  is  consider- 
ably less  than  at  2200°F. 


The  mierostrueture  of  a longitudinal  section  through  the  fracture  is  shown  in  I'igure  49.  As 
can  be  observed,  in  addition  to  the  two  modes  of  cracking  at  the  2000°F  HIP  (see  Figure  48) 
intergranular  cracking  also  occurred  in  the  present  case.  The  latter  mode  of  cracking  may  be 
responsible  for  the  lower  rupture  life. 


,CX2mm, 


l.ongitudmal  Section  Showing  the  Modes  oj  Stress  Rupture  Cracking  After  HIP  at 
200l)°r/IS  ksi/4  Hr 


6.  Hieh-Cycle-Fatigue  Tests 


Results  of  the  fully  reversed  room  temperature  bend  tests  of  the  thixoeast  and  conventional 
Haynes  31  are  presented  in  Table  VI  and  as  S-N  curves  in  Figure  50.  The  two  curves  show 
the  estimated  typical  and  estimated  design  requirement  data  for  conventional  cast  material^^ 
Relative  to  the  conventional  counterpart,  the  HCF  capability  of  the  thixoeast  material  seems 
to  be  lower.  However,  as  indicated  in  Table  VI,  all  except  one  specimen  failed  from  foreign 
inclusions  which  are  shown  to  be  either  Si  or  Si  and  A1  rich.  It  is  probable  that  continued  im- 
proving the  cleanliness  of  the  material  would  result  in  thixoeast  microstructure  having  HCF 
capability  equivalent  to  that  of  the  conventional  cast  material. 
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Figure  50  S-N  Curves  of  the  Conventional  Cast  Haynes  31  Relative  to  HCF  Results  of  the 
Thixocast  Material  After  HIP  at  2250°F/I5  ksi/4  Hr.  The  solid  line  and  the  dotted 
line  are  estimated  typical  and  design  minimum  data  respectively  for  conventional  cast 
material 

In  the  absence  of  foreign  inclusions,  fracture  would  initiate  preferentially  at  slip  bands  in 
the  primary  solid.  This  observation  is  illustrated  in  Figures  51a  and  51b.  The  latter  shows  an 
intergranularly  nucleated  crack  propensity  in  the  prior  liquid  toward  the  edge  of  the  speci- 
men. As  Figure  52a  shows,  cracking  propagates  intergranularly  across  the  primary  solid  parti- 
cles rather  than  along  the  primary  solid-prior  liquid  interface.  This  results  in  facets  on  the 
fracture  surface  (Figure  52b).  These  facets  are  separated  by  featureless  areas  corresponding 
to  separation  at  prior  liquid.  These  observations  suggest  that  a simple  way  to  improve  the 
fatigue  capability  of  the  thixocast  material  would  be  to  decrease  the  volume  fraction  of  pri- 
mary solid  and  to  reduce  the  size  of  the  primary  solid  particles.  The  latter  can  be  achieved, 
for  example,  by  increasing  the  shear  rate  on  the  semisolid  slurry  during  the  rheocasting  pro- 
cess. 

D.  SUMMARY  AND  CONCLUSIONS 

The  tensile,  stress-rupture,  and  high-cycle-fatigue  properties  of  Haynes  3 1 fabricated  by 
machine  thixocasting  techniques  have  been  determined.  Relative  to  the  conventional  coun- 
terpart, the  thixocast  material  has  significantly  higher  yield  strength  and  marginally  satisfac- 
tory tensile  ductility.  The  higher  yield  strength  was  shown  to  be  attributable  to  the  fine  den- 
drite matrix  resulting  from  a high  rate  of  solidification.  Contributing  factors  to  the  low  ten- 
sile ductiUty  are  the  entrapped  porosity,  foreign  inclusions,  and  early  separation  at  the  pri- 
mary solid-prior  liquid  interface.  The  stress-rupture  life  after  HIP  at  2200°F  exceeds  the  es- 
tablished minimum  of  the  conventional  cast  material.  The  fine  dendrite  matrix  also  plays  an 
important  role  in  determining  the  stress  rupture  life.  The  HCF  capability  is  slightly  lower 
than  the  conventional  cast  material.  The  small  fatigue  debit  resulted  primarily  from  the  in- 
clusions introduced  during  the  rheocast  and  machine  thixocasting  processes. 
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Fatigue  Q-acks  Observed  on  Surjaee  of  a Speeinien  Fabricated  From  the  Thixocast 
Haynes  31,  Showing  (a)  Crack  Sludcation  at  Slip  Hands  in  the  I’rimary  Solid  Particle 
and  lb)  I’ropagation  of  an  Intragranularly  S'licleated  Crack  Through  the  Prior  Liquid 


Figure  52  (a)  Fatigue  Craek  Propagation  Path  in  Maehine  Thixocast  Haynes  31  Which  Results 

in  Facets  on  Fracture  Surface  Shown  in  (hj 


TABLE  VI  - FATIGUE  TEST  DATA 
(Mean  Stress  = 0) 


S/N 

Microstructure 

Treatment 

Stress 

(±ksi) 

Cycles  to 
Failure 

Comment 

39 

Thixocast,  67%  Solid 

HIP*(a) 

43 

1.55  X 10^ 

Series  II,  b 

40 

Thixocast,  74%  Solid 

HIP 

43 

1.57  X 10^ 

Series  II,  b 

62 

Thixocast,  60%  Solid 

HIP 

40 

2.41  X 10^ 

Series  III,  c 

66 

Thixocast,  65%  Solid 

HIP 

43 

2.15  X 10^ 

Series  III,  d 

69 

Thixocast,  65%  Solid 

HIP 

43 

1.36  X 10^ 

Series  HI,  d 

70 

Thixocast , 60%  Solid 

HIP 

40 

1.83  X 10^ 

Series  111,  ab 

76A 

Conventional  Cast 

None 

60 

6.4  X lO"^ 

76B 

Conventional  Cast 

None 

60 

9.6  X lO'* 

a Hot  isostatically  pressed  at  2200°F  under  15  ksi  for  4 hours, 
b Fracture  initiated  at  multiple  inclusion-nucleated  crack  origins, 
c Fracture  initiated  at  single  natural  crack  origin, 
d Fracture  initiated  at  single  inclusion-nucleated  crack  origin. 
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To  improve  the  tensile  ductility  and  stress  rupture  life,  the  following  techniques  are  sug- 
gested from  results  of  the  present  studies: 


( I )  Reduce  the  solidification  rate  in  thixocasting  to  produce  a coarser  dendrite  structure 
and  nucleation  of  dendrite  from  the  surface  of  the  primary  solid  particles. 


(2)  Reduce  the  volume  fraction  of  primary  solid. 

(3)  Improve  the  cleanliness  of  the  rheocast  and  thixocast  processes. 


To  improve  the  HCF  properties,  techniques  (2)  and  (3)  can  be  used.  Reducing  the  size  of 
the  primary  solid  particle  should  also  be  beneficial. 


It  can  be  surmised  from  the  observations  concerning  volume  fraction  solid  that  the  inter- 
relation between  properties  and  non-destructive  quality  are  not  understood,  particularly  in 
the  case  of  Haynes  31  alloy.  This  effect  should  be  more  thoroughly  studied  on  different  al- 
loys and  equipment  in  future  programs. 
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V.  ECONOMIC  CONSIDERATIONS  FOR  MACHINE  CASTING 


i 


A.  INTRODUCTION  I 

The  most  recent  thrust  in  manufacturing  technology-type  programs  for  gas  turbine  engine  f 

components  has  been  to  approach  the  “net  shape”  or  nearly  finished  part  concept  to  reduce  I 

finish  machining  costs.  Traditionally,  many  gas  turbine  components,  such  as  airfoils,  have  I 

been  fabricated  by  forging  or  investment  casting  techniques  and  have  required  extensive  mach-  | 

ining  to  reach  the  final  dimensional  shape.  These  machining  costs  make  up  the  bulk  of  finished  ! 

part  cost  and  have  been  the  target  of  cost  reduction  efforts  for  the  past  several  years.  j 

The  application  of  machine  casting,  as  the  shaping  or  conversion  process  for  airfoils,  could 
result  in  parts  with  near-net  shape  dimensions.  Based  on  prior  die  casting  work  performed  by 
ferrous  die  casting  firms  under  Pratt  & Whitney  Aircraft  sponsorship,  the  near-finished  shape 
concept  was  demonstrated  as  shown  in  Figure  53.  Machine  casting  should  achieve  dimensional 
control  similar  to  the  die  casting  process. 

B.  COMPARISON  OF  FORGING  AND  MACHINE  CASTING  i 

4 

The  forging  of  airfoils  consists  of  converting  bar  stock  through  several  forming  steps  into  an  i 

airfoil  shaped  envelope.  The  envelope,  including  the  root  attachment,  is  then  finished  mach- 
ined. A cost  breakdown  of  the  forging  process  is  required  to  make  a process  cost  comparison 
between  forging  and  machine  casting  of  airfoils.  Analysis  of  forged  airfoil  costs  indicates  that 
fully  three-fourths  of  the  final  cost  is  consumed  in  finishing  (machining)  operations  as  shown 
in  Figure  54. 

Machine  casting  can  potentially  reduce  these  finishing  costs  by  as  much  as  one-half  because 
of  the  ability  to  produce  parts  which  require  minimal  finishing. 

Conversion  or  forming  costs  (equipment,  dies,  labor,  . . .)  should  be  similar  for  either  process 
and,  in  both  cases,  comprises  a small  part  of  the  overall  product  cost.  Input  materials  costs 
also  comprise  a small  portion  of  the  overall  cost,  although,  in  the  case  of  machine  casting, 
more  material  per  part  will  be  consumed  because  of  gating,  runners,  injection  biscuits, . . . 

The  comparison  of  the  three  cost  elements  (namely,  material,  conversion  and  finishing  costs) 
for  the  two  processes  is  shown  in  Figure  54.  This  data  implies  a potential  cost  savings  of  as 
much  as  one-third  for  machine  casting  when  compared  with  forging.  Obviously,  part  geometry 
and  size  will  cause  variations  in  this  analysis.  It  should  be  noted  that  these  comparisons  are 
also  based  on  the  additional  significant  assumption  of  similar  process  yields. 

The  sensitivity  of  overall  cost  to  variations  in  the  above  three  cost  elements  is  shown  schemat- 
ically in  Figures  55,  56,  and  57.  A wide  variation  in  input  material  cost  (Figure  54)  should 
have  little  effect  on  finished  machine  cast  part  costs.  Conversion  costs,  or  more  specifically 
die  costs,  should  not  adversely  impact  finished  part  costs  if:  1)  multiple  cavity  dies  can  be 
employed  and  2)  reasonable  die  lives  on  the  order  of  2000  or  more  injections  (with  appropriate 
die  repairs)  can  be  achieved  (Figure  55).  Technical  advances  in  die  material  performance 
would  also  reduce  per-part  die  costs. 
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Figure  53  Comparison  of  Forged  and  Finished  Compressor  Vanes  (left  and  right)  and  Die  Cast 
Vanes  (center)  Showing  Die  Casting  Capability  to  Achieve  “Not  Shape" 


Forging  Machine 

casting 


Figure  54  Comparison  of  Forged  Blade  and  Machine  Cast  Blade  Costs 


% of  total 
forging  ® 
cost 


O Represents  baseline  at  of  total  forge  cost 


0.25/1 


0.5/1 


0.75/1 


Ratio  of  machine  cast  part  finishing  costs 
to  forged  part  finishing  costs 

Figure  57  Impact  of  Fiiiisliiiig  Costs  on  Machine  Cast  Fart  Costs 


The  primary  economic  impact  of  machine  casting  resides  in  the  finishing  cost  area  as  shown 
in  Figure  56.  Any  significant  deviation  from  achieving  net  or  near-net  shape  will  adversely 
affect  the  cost  savings  that  could  he  generated  by  using  the  maehine  casting  process  in  place 
of  forging  for  airfoil  fabrication. 

C.  COMPARISON  OF  INVESTMENT  CASTING  AND  MACHINE  CASTING 

A similar  cost  analysis  has  been  made  for  the  investment  easting  of  airfoils.  Again,  the  same 
items  (material,  conversion,  and  finishing)  for  a typical  investment  cast  blade  are  included  in 
the  analysis.  It  is  estimated  that  approximately  two-thirds  of  the  part  cost  for  investment 
casting  is  in  the  area  of  finishing,  as  shown  in  Figure  58.  The  thixocasting  equivalent  is  also 
shown  in  Figure  58. 

A large  portion  of  the  nnished  cast  part  cost  is  associated  with  the  complex  and  expensive 
setups  for  finish  machining  of  cast  airfoils.  Costs  for  machine-cast  parts  would  be  affected 
by  the  same  setup  costs  for  detail  finishing  in  investment  forging  comparison  made  previously. 
The  conversion  costs  for  investment  casting,  shown  in  Figure  58.  include  some  post  cast  pro- 
cessing work  which  is  done  prior  to  machining.  Conversion  costs  for  machine  cast  parts  are 
projected  to  be  less  than  those  for  investment  casting,  primarily  due  to  a reduction  in  the 
post-cast  processing  requirements  included  in  the  conversion  area.  Material  costs  should  be 
similar  in  both  processes. 


% of  total 
investment 
casting  costs 


O Represents  baseline  at  75'7  of  total  investment  casting  costs 


0 0.5/1  1/1  1 

Ratio  of  machine  cast  input  material  cost 
to  investment  cast  input  material  cost 

Figure  59  Impact  of  Material  Costs  on  Machine  Cast  Part  Costs 
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Figure  fill  Impact  of  Tooling  Costs  on  Machine  Cast  Part  Costs 


Figure  61  Impact  of  Finishing  Costs  on  Machine  Cast  Part  Costs 


VI.  CONCLUSION  AND  RECOMMENDATIONS 


The  following  general  conclusions  may  be  reached  from  the  work  performed  on  this  program; 

1 . Machine  casting  as  a fabrication  process  has  the  potential  for  converting  rheocast 
material  into  useful  solid  airfoil  shapes  for  gas  turbine  engines. 

2.  A parametric  evaluation  of  critical  machine-casting  variables  indicated  that  for 
high  volume  fraction  solid  preforms,  low  die  temperaturest  100°F  to  400° F)  and 
moderate  gate  velocities  (2.‘50  in./scc)  would  result  in  “finished”  parts  with  accep- 
table nondestructive  and  visual  qualities. 

3.  Mechanization  of  the  machine  casting  process  is  both  practical  and  desirable  from 
a process  consistency  standpoint. 

4.  Mechanical  properties  thigh-cycle-fatigue,  stress-rupture,  and  tensile)  arc  not  ad- 
versely affected  by  the  thixocast  microstructure  and.  generally  met  goals  for  con- 
ventional Haynes  3 1 alloy.  Hot  isostatic  pressing  was  necessary  to  close  internal 
porosity  probably  aggravated  by  the  particular  die  configurations  and  machine 
casting  unit  used  for  this  program. 

5.  The  economic  evaluation  indicated  that  the  machine  casting  process  should  be 
capable  of  effectively  competing  with  conventional  forging  as  long  as  net  shapped 
parts  with  minimum  finish  machining  can  be  attained.  It  docs  not  appear  that 
machine  casting  will  effectively  compete  with  investment  casting  because  of  in- 
vestment casting's  growing  potential  for  net  shaped  parts. 

To  achieve  the  full  potential  of  machine  casting  (or  other  means  of  thixoforming)  for  gas 
turbine  components,  it  will  be  necessary  to  further  evaluate  the  following: 

1 . Vacuum  rheocasting  of  nickel  base  superalloys  presently  used  for  compressor 
airfoils. 

2.  Special  equipment  specifically  design  and  constructed  for  thixoforming  application. 

3.  Thixoforming  parametric  behavior.  The  evaluation  would  require  more  detailed 
analysis  and  would  include  die  materials  and  die  design. 

4.  Thixocast  properties,  including  heat  treatment  responses  to  determine  property 
levels  for  comparison  with  bill-of-materials  part  property  requirements.  The  eval- 
uation should  be  comprehensive  and  should  include  studies  of  debits,  if  any.  and 
their  impact  on  gas  turbine  requirements  and  on  the  economics  of  thixofonned 
parts. 
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APPENDIX  “A” 


A 


STATISTICAL  TEST  PLAN 
FOR 

MACHINE  CASTING 

Statistical  methods  are  used  to  plan,  analyze,  and  process  results  of  experiments  containing 
factors  corresponding  to  those  associated  with  complex  development  problems.  By  varying 
these  factors  in  a planned  manner,  it  is  possible  to  isolate  and  study  the  effect  produced  by 
any  one  factor,  or  combination  of  factors  upon  the  problem. 

The  use  of  statistical  techniques  widens  the  scope  of  the  program  by  providing  the  maximum 
use  of  test  information.  By  implementing  these  methods  in  the  test  program,  cost  savings 
are  achieved  through  the  reduction  of  the  number  of  tests  required  and  the  time  to  obtain 
productive  information  is  minimized. 

For  these  reasons,  statistical  techniques  will  be  used  throughout  the  machine  casting  program 
I where  it  is  considered  the  most  cost  effective  means  of  providing  the  desired  information. 

PROGRAM  PLAN 

i Initially,  the  factors  of  gate  velocity,  die  temperature,  volume  percent  solid,  and  gate  place- 

I ment  will  be  investigated  for  their  effect  upon  blade  quality.  A statistically  designed  test 

! program  of  the  Box-Wilson  type  will  be  employed  in  this  stage  of  the  program.  Shown  both 

: schematically  and  in  matrix  form  below,  testing  will  be  conducted  for  each  of  the  gate  sizes 

I to  be  examined. 

; The  test  plan  illustrated  not  only  quantitatively  measures  the  impact  of  the  four  variables  on 

[ blade  quality,  but  it  assesses  the  blade  quality.  Furthermore,  the  statistical  plan  pennits  a 

I quantitative  evaluation  of  the  relationship  between  the  variables  and  the  response  parameter; 

I this  is  a capability  which  is  not  generally  possible  with  the  typical  engineering  approach. 

\ 

The  tests  will  be  fully  replicated  for  each  gate  geometry.  The  rational  for  repeat  tests  is 

; threefold: 

! 

1 (1)  The  possibility  of  extraneous  random  effects  introducing  bias  into  the  test  results  can 

j be  detected  if  such  should  occur. 

I (2)  A measure  of  the  inherent  variation  in  the  machine  casting  process  can  be  obtained  and 

[ used  as  a reference  point  when  assessing  the  reproducibility  of  the  process. 

I 

(3)  It  provided  a means  of  analytically  assessing  the  significance  of  the  process  variable 
effects. 

1 

I DATA  ANALYSIS  DECISION  TECHNIQUE 

! 

1 The  Analysis  of  Variance  ( ANOVA)  and  regression  analysis  will  provide  the  means  of  iden- 

[ tifying  the  significant  effects  of  the  variables  and  evaluating  their  trend. 
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The  ANOVA  will  be  applied  to  the  data  contained  in  the  factorial  design  illustrated.  This 
analysis  rests  on  a separation  of  the  variance  of  all  the  observations  into  parts,  each  of  which 
quantitatively  measures  the  variability  attributable  to  some  specific  factor  or  combination  of 
factors.  This  method  of  analysis,  therefore,  has  two  important  advantages  over  nonstatisti- 
cal  methods: 

1 . The  analysis  results  in  consistent  assessments  of  the  factor’s  effect  on  the  response.  If 
two  or  more  independent  analyses  of  the  data  are  performed,  they  will  arrive  at  the 
same  measurement  of  the  relationship  between  the  factors  and  the  response. 

2.  The  analysis  provides  a method  of  interpreting  the  degree  of  certainty  of  the  relation- 
ship between  the  factors  and  the  response,  i.c.,  whether  the  measured  effect  of  the  fac- 
tor associated  with  the  response  is  real  of  if  it  is  due  to  random  variation. 

The  table  which  follows  illustrates  the  mechanics  of  the  ANOVA  and  how  the  significant 
factors  are  identified. 


Source  of  Variation 

Sum  of 
Squares 

Degrees  of 
Freedom 

Mean 

Square 

F Ratio 

Main  Effects 

Die  Temp  (T) 

SSj 

DFj 

(SS/DF)* 

MS-p/MS^ 

Vel  (V) 

SSy 

DFy 

(SS/DF)y 

MSy/MSg 

Vol.  % Solid  (S) 

• 

• 

• 

• 

Gate  Geometry  (G) 

• 

• 

• 

• 

Interactions 


The  use  of  the  F-test  in  the  ANOVA  is  as  follows: 


1 . A table  of  the  probability  that  the  ratio  of  mean  squares  will  be  equal  to  or  exceed  a 
given  value  (F  - table)  may  be  found  in  most  statistical  textbooks.  The  value  to  be  used 
in  this  table  is  determined  by:  (a)  stating  a probability  (confidence  level)  that  one 
wants  to  associate  to  the  statement  of  whether  the  factor  caused  a significant  change  in 
the  response,  and  (b)  knowing  the  number  of  degrees-of-freedom  associated  with  the 
numerator  (the  factor  mean  square)  and  the  denominator  (the  error  mean  square)  of 
the  ratio.  The  confidence  level  to  be  used  will  be  90%. 

2.  If  the  test  index  of  any  first  or  higher  order  factor  is  greater  than  or  equal  to  the  F - 
table  value,  the  factor  will  be  considered  to  have  a significant  effect  on  the  response. 

3.  If  the  test  index  is  less  than  the  F - table  value,  it  will  be  concluded  that  there  is  insuf-  j 

ficient  evidence  to  believe  that  the  factor  had  a significant  effect  on  the  response. 

Multiple  regression  analysis  will  be  used  to  develop  a response  surface  incorporating  the  vari- 
able main  and  interaction  effects  identified  as  significant  process  variables  in  the  ANOVA. 

The  mathematical  model  of  the  machine  casting  process  will  thus  be  based  on  meaningful 
parameters  and  will  be  considered  a useful  description  of  the  physical  quantities  that  go  into 
making  up  the  process.  The  relationship  will  be  of  the  form 

Y = a + bj  xj  +b2  X2  + ^ 

'1 

Where  Y = quality  characteristic  measurement  ! 

Xj  = variable  main  or  interaction  effect 

• I 

a = intercept  i 

bj  = the  average  change  in  the  response  associated  with  the  change  in  the  i 

variable  \ 

i 

The  values  of  a and  the  b j ’s  are  determined  from  the  standard  least  squares  solution  whereby  j 

2^  (Yj  - Y )'^  is  minimized.  Yj  is  the  actual  response  obtained  from  the  test  ! 

program  and  Y is  the  response  calculated  from  the  regression  equation.  i 

1 

The  results  of  the  statistical  analysis  of  the  machine  casting  parameters  are  tabulated  in 
Tables  A- 1 and  A-2. 


: j 


TABLE  A-1 


X-RAY  QUALITY 
ANALYSIS  OF  VARIANCE  TABLE 


Source  of 

Sums  of 

Mean 

Variance 

Significance 

Variation 

Squares 

d.f. 

Square 

Ratio 

Priority 

Volume  % Solid 

0.2456167 

2 

0.12280835 

0.3069 

Die  Temperature 

0.0080083666 

1 

0.0080083666 

0.0200 

Gate  Velocity 

0.0080083666 

1 

0.0080083666 

0.0200 

Volume  % Solid  - 
Gate  Velocity 
Interaction 

1.114316633 

2 

0.551583167 

1.3924 

3 

Volume  % Solid  - 
Die  Temperature 
Interaction 

0.7693166334 

2 

0.3846583167 

0.9613 

4 

Gate  Velocity  - 
Die  Temperature 
Interaction 

1.7252083 

1 

1.7252083 

4.3114 

1 

Volume  % Solid  - 
Gate  Velocity  - 
Die  Temperature 
Interaction 

1.74062417 

2 

0.870312085 

2.1749 

2 

Experimental  Error 

23 

0.40015361 

Total 

5.6110917 

TABLE  A-2 


SURFACE  QUALITY 
ANALYSIS  OF  VARIANCE  TABLE 


Source  of 

Sums  of 

Mean 

Variance 

Significance 

Variation 

Squares 

d.  f. 

Square 

Ratio 

Priority 

Volume  % Solid 

2.444866667 

*> 

1.222433334 

0.93033 

1 

Die  Temperature 

0.053333666 

1 

0.053333666 

0.04059 

Gate  Velocity 

0.140833336 

1 

0.1408333336 

0.10718 

4 

Value  fc  Solid  ■ 

Gate  Velocity 
Interaction 

0.9108666664 

■) 

0.459333332 

0.34666 

Volume  % Solid  - 
Die  Temperature 
Interaction 

1.5055866666 

T ' 

0.752933333 

0.57302 

3 

Gate  Velocity  - 
Die  Temperature 
Interaction 

1.203333333 

1 

1.203333333 

0.91580 

2 

Volume  % Solid  - 
Gate  Velocity  - 
Die  Temperature 
Interaction 

0.2198646274 

0.109932137 

0.08366 

5 

Experimental  Error 

23 

1.313976072 

Total 

6.47896466 
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